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CHAPTER I. 

LUMINOUS AND NON-LUMINOUS BODIES. — TRANSPARENCY.— 
OPACITY. 

896. Physical nature of light, — Light is the physical agent \)j 
which the external world is rendered manifest to the sense of sight. 

Opinion has long been divided as to its nature ; one party has re- 
garded it as a specific fluid, another as the effect of undulation. 

The former consider that the eye is affected by light as the sense 
of smell is affected by the odoriferous effluvia; the latter maintain 
that light is to the eye what sound is to the ear. Before these 
theories, however, can be understood, or their claims to adoption be 
appreciated, it will be neceslary that the chief properties of light, and 
the phenomena consequent upon them, be explained. 

897. Bodies luminous and non-luminous. — In relation to the pro- 
duction of light, bodies are considered as luminous and non-luminous. 

Luminous bodies, or luminaries, are those which are original sources 
of light, such, for example, as the sun, the flame of a lamp or candle^ 
metal rendered red-hot, the electric spark, lightning, and so forth. 

Luminaries are necessarily always visible when present, provided 
the light they emit be strong enough to excite the eye. 

Non-luminous bodies are those which themselves produce no light, 
but which may be rendered temporarily luminous when placed in the 
presence of luminous bodies. These cease, however, to be luminous, 
and therefore visible, the moment the luminary from which they bor- 
row their light is removed. Thus the sun, placed in the midst of the 
planets, satellites, and comets, renders these bodies luminous and visi- 
ble; but when any of them is removed from the solar influence by 
the interposition of any object not pervious to light, they cease to be 
visible, as is manifest in the case of lunar eclipses, when the globe of 
the earth is interposed between the sun and moon, and the latter ob- 
ject is therefore deprived of light. A candle or lamp placed in the 
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room renders the walls, furniture, and surrounding objects tempo- 
rarily luminous, and therefore visible ; but if the candle be screened 
by any object not pervious to light, those parts of the room from 
which light is intercepted would become invisible, did they not receive 
some light from the other parts of the room still illuminated. If, 
however, the candle or lamp be completely covered, all the objects in 
the room become invisible. 

898. Transparency and opacity. ^^In relation to the propagation 
of light, bodies are considered as transparent and opaque. Bodies 
through which light passes freely are called transparent, because the 
eye placed behind them will see such light through them. Bodies, on 
the contrary, which do not admit light to pass through them, are called 
opaque ; and such bodies consequently render a luminary invisible if 
interposed between it and the eye. 

Transparency and opacity exist in various bodies in different degrees. 
Glass, air, and water are examples of very transparent bodies. The 
metals, stone, earth, wood, &c. are examples of opaque bodies. 

Correctly speaking, no body is perfectly transparent or perfectly 
opaque. 

899. JVb body perfectly transparent, — There is no substance, how- 
ever transparent, which does not intercept some portion of light, how- 
ever small. The light is thus intercepted in two ways ; first, when 
the light falls upon the surface of any body or medium, a portion of 
it is arrested, and either absorbed upon the surface, or reflected back 
from it } the remainder passes through the body or medium, but in so 
passing more or less of it is absorbed, and this increases according to 
the extent of the medium through which the light passes. Analogy, 
therefore, justifies the conclusion that there is no transparent medium 
which, if sufficiently extensive, would not absorb all the light which 
passes into it. 

A very thin plate of glass is almost perfectly transparent, a thicker 
is less so, and according as the thickness is increased the transparency 
will be diminished. The distinctness with which objects are seen 
through the air diminishes as their distance increases, because more 
or less of the light transmitted from them is absorbed in its progress 
through the atmosphere. This is the case with the sun, moon, and 
other celestial objects, which when seen near the horizon are more 
dim, however clear the atmosphere may be, than when seen in the 
zenith. In the former case, the light transmitted from them passes 
through a greater mass of atmosphere, and more of it is absorbed. Ac- 
cording to Bouguer, sea-water at about the depth of 700 feet would 
lose all its transparency, and the atmosphere would be impervious to 
the sun's light if it had a depth of 700 miles. 

900. Various degrees of transparency. — The transparency of the 
same substance varies according to the density of its structure, the 
fcransparency generallv increafdng with the density. Thus, charcoal 

480 



RECTILINEAR PROPAGATION OF LIGHT. 11 

is opaque ; but if the same charcoal be converted into a diamond, wbich 
it may be, without any change of the matter of which it is composed, 
it will become transparent 

Bodies are said to be imperfectly transparent, or semi-transparent, 
when light passes through them so imperfectly, that the forms and 
colours of the objects behind them cannot be distinguished. Ground 
glass, paper, and thin tissues in general, foggy air, the clouds, horn 
and various species of shell, such as tortoise-shell, are examples ot 
this. 

The degrees of this imperfect transparency are infinitely various; 
some substances, such as horn, being so nearly transparent as to ren- 
der the form of a luminous object behind it indistinctly visible. 
Porous bodies, which are imperfectly transparent, usually have their 
transparency increased by filling their pores with some transparent 
liquid. Thus paper, which is imperfectly transparent, is rendered 
much more transparent by saturating it with oil, or by wetting it with 
any liquid. The variety of opal called hydrophane is white and opaque 
when dry, but when saturated with water it becomes transparent. 
Ground glass is rendered more transparent by pouring oil upon it. 
Two plates of ground glass placed one upon the other are very im- 
perfectly transparent ; but if the space between them be filled with 
oil, and their external surfaces be rubbed with the same liquid, they 
will be rendered nearly transparent. 

901. Opaque bodies become transparent token sufficiently often" 
noted, — Bodies, however opaque, lose their perfect opacity when re- 
duced to the form of extremely attenuated laminae. Gold, one of 
the most dense of metals, is, in a state of ordinary thickness, per- 
fectly opaque ; but if it be reduced to the form of leaf-gold by the 
process of the gold-beater, and attached to a plate of glass, light will 
pass partially through it, and to aa eye placed behind it it will appear 
of a greenish colour. Other metals, when equally attenuated, show 
the same imperfect opacity. 



CHAP. II. 

BECTIUNEAR PROPAGATION OF LIGHT. — RADIATION. — SHADOWS 
AND PENUMBRJE — PHOTOMETRY. 

902. Light transmitted in straight lines, — One of the first pro- 
perties recognised in light by universal observation and experience is, 
that when transmitted through a uniform medium, it maintains a rec- 
tilinear course. 

A luminous point is a centre from which light issues in every direo- 
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tion through the sornmnding space in straight lines. This effset of 
rectilinear propagation in all directions from a common centre is called 
rtidialion. 

Any straight line along which light is transmitted is called a ray 
of light. 

Any point frt>m which rays of light radiate through the sormind* 
ing space, is called a luminous point. 

The rectilinear propagation of light is established by nnmerons ex- 
amples, and by a vast variety of effects, of which it affords the ez« 
planation. If any opaque object be interposed in a right line between 
the eye and a luminous point, the luminous point will cease to be visi- 
ble ; but if the opaque object be removed in Ihe slightest degree from 
the direct line between the eye and the luminous point, the ktter will 
become immediately visible. 

This law, in its strictest sense, may be verified by the following ez« 
periment. Let three disks be pierced, each with a small hole, and 
let them be attached to a straight rod, in such a manner that the 
three holes shall be precisely in the same straight line, and con* 
sequently, at the same distance from the rod. If a light be placed 
behind one of the extreme disks, and the eye behind the others, the 
light will be visible. The ray, therefore, which renders it visible, 
must pass successively through the holes in the two extreme disks, 
and in the intermediate disk ; but if the intermediate disk be slightly 
moved on either side, or upwards or downwards, or, in a word, have 
its position deranged in any manner, so that a thread stretched be- 
tween the holes in the extreme disks would not pass through the hole 
in the intermediate disk, then the light will be no longer visible. 

903. Pencil of rays, — Any collection of rays having a luminous 
point as their common origin, and included within the surface of a 
cone, or any other regular limit, is called a pencil of rays. The 
point from which such rays diverge, and which is the apex of the 
cone, is called the focus of the pencil. 

When the surface of any object receives light from a luminous 
point, it is customary to consider each portion of such surface as the 
base of a pencil of rays, the focus of which is the luminous point, so 
that the illuminated surface of any body is considered as composed of 
the bases of a number of pencils of rays having the luminous point as 
their common focus. 

When rays radiate from a luminous point in this manner, th^ are 
called divergent. 

But cases will be shown hereafter, in which such rays may be so 
changed in their direction, that, instead of diverging - from the same 
point, they will converge to a common point. In this case the rays 
are called converging rays, the pencils converging pencils, and the 
point towards which the rays converge, and at which they would 
meet; if not intercepted, is called the focus of the pencil. 
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004. Shadow of a body. — Whea light radiating from a laminoua 
point through the surrounding space encounters an opaque body, it 
will be excluded from the space behind such body. The space from 
which it is thus excluded is called the ahadoto of the opaque body. 

This term shadow is sometimes applied, not to the space from 
which the light is thus excluded, but to a section of such space formed 
upon the surface of some body placed behind the opaque body which 
intercepts the light. Thus, the floor or wall of a room intersecting 
the space from which light is excluded by an opaque body placed 
between such wall or floor and a luminary, will exhibit a dark figure, 
resembling more or less in outline the body which intercepts the 
light. 

If a straight line be imagined to be drawn from the luminous point 
to the boundary of the opaque body, and to be continued beyond it 
indefinitely, such line being imagined to be moved round the opaque 
body following it« limits and its form, that part of the line which is 
beyond the body will pass through a surface which will form the 
limits of the shadow ot such body, or of the space from which it ex- 
cludes the light. If such line, however, encounter a wall, screen, or 
other surface, it will trace upon such surface the limits of the shadow^ 
in the common acceptation of that term. 

If the opaque object be a sphere, or any other figure whose section 
taken at right angles to the direction of the luminous pencil is a 
circle^ the shadow will be a truncated cone, as represented in^. 267. 






Fig. 267. 



Fig. 268. 



Fig. 269. 



K the section be of a rectilinear figure, such, for example, as a square, 
ifae shadow will be what in geometry is called a truncated pyramid; 
as represented in^^. 268. 

There is, however, no luminary which, strictly speaking, is a lumi* 
nous point. All luminous objects have a certain definite surface of 
more or less extent, and consist therefore of an infinite number of 
luminous points. Now each luminous point of such a body is the 
focus of an independent pencil of luminous rays, and each such pencu 
encountering an opaque object will produce an independent shadow 
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905. Cause of penumbra. — This gives rise to phenomena which it 
is necessary here more fully to explain. 

Let c ^jfig' 269, represent the section of an opaqne object, and 
let B A represent the section of a luminary. B A will then consist of 
a line of luminous points, from each of which a pencil of rays will 
issue. The pencil which issues from the point b, will encounter the 
object c D, and the extreme rays of the pencil grazing the edge of 
the object, will proceed in the direction o b' and D b", being the con- 
tinuation of the lines b c and b d. Now it is evident that the light 
proceeding from the point B will be excluded from the space included 
between the lines c b' and d b". 

In like manner it may be shown that the light issuing from the 
point A will be excluded from the space included between the lines 
G a' and D a". It will also be easily perceived that the light pro- 
ceeding from all the luminous points from A to B will be excluded 
from the space included between the lines c b' and da"; while more 
or less of such light, according to the position of the luminous 
points, will enter the space included between the lines c a' and c b', 
and the lines D a" and D b" respectively. The space, therefore, in- 
cluded between the lines c b' and D a", from which the entire light 
of the luminary A B is excluded, is called the umbra or absolute 
shadow ; while the spaces included between o a' and c b' and be* 
tween D a" and D b", from which the light of the luminary A B 
is only partially excluded, is called the penumbra, or imperfect 
shadow. 

If a screen be fixed behind the body c D, the shadow and penum- 
bra will be cast upon it, and will be perceptible. At b' and A'', the 
boundaries between the shadow and the penumbra, the limit of 
shadow will be scarcely discernible^ and the shadow will become 
gradually less^dark, proceeding from such points to the points A' and 
B'', which are the limits of the penumbra. The points a' and b" 
respectively receive light from all the points between A and B, but a 
point below a' receives no light from the point A, or from the points 
immediately above it. 

In like manner the points immediately above b" receive no light 
from the point B, or the points immediately below it ; and as we pro- 
ceed onwards along the penumbra, the nearer we approach to the 
limits b' and a", the less will be the number of luminous points of 
the luminary A B from which light will be received. Hence it is, 
that the obscurity of the penumbra augments by degrees in proceed- 
ing from its outward limits to the limits of the umbra, where the 
obscurity becomes complete. 

906. Forms and dimensions of shadow, — When an object is 
placed with its principal plane parallel to the plane of a screen, both 
being at right angles to the pencil of rays which proceeds from the 
luminary, the outline of the shadow will resemble the outline of the 
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object ; but if the pencil fall obliquely on the object, or if the screen 
be not* parallel to it, then the form and dimensions of the shadow 
will be distorted, the relative proportions and directions being different 
from those of the object. 

When the sun is near the horizon, the shadow of an object stand- 
ing vertically, which is cast upon a vertical wall, will present the 
form of the object with but little distortion, but the shadow which is 
cast upon the level ground will be disproportionally elongated in re- 
lation to its breadth. 

907. Light diminished in briglUness by distance, — The intensity 
of light which issues from a luminous point diminishes in the same 
proportion as the square of the distance from such point increases. 

This is a common property of radiation, and has been already ex- 
plsdned in the case of the radiation of sound. The intensity of the 
light at any point is in the direct proportion of the number of rays 
which fall upon a surface of given magnitude, or in the inverse pro- 
portion of the surface over which a given number of rays are dif- 
fused. 

Now let us suppose a luminous point radiating in all directions 
round it to be the centre of a sphere. Let two spheres be imagined, 
having the luminous point as a common centre, and the radius of one 
being double the radius of the other. The surface of the greater 
sphere will be therefore twice as far from the luminous point as the 
surface of the lesser sphere ; and since the surfaces of spheres are in 
the ratio of the squares of their radii, the surface of the greater 
sphere will be four times that of the lesser. Now since all the light 
issuing from the luminous point is diffused over the surface of such 
sphere, it is clear that its density on the surface of the lesser sphere 
will be greater than its density on the surface of the greater sphere, 
in the exact proportion of the magnitude of the surface of the greater 
sphere to the magnitude of the surface of the lesser sphere ; that is, 
in the present example, as 4 to 1. In general it is evident, therefore, 
that the superficial space over which the rays issuing from a^ luminous 
point are diffused, is in the inverse proportion of the squares of the 
distances from the luminous point. 

If, therefore, any opaque surface be presented at right angles to 
the rays proceeding from a luminous point, the intensi^ of the 
illumination which it receives will be increased in the same propor- 
tion as the square oif its distance from its luminous point is dimin- 
ished. 

Since, then, the intensity of the light proceeding from each lumi- 
nous point is inversely as the square of the distance from such point, 
it follows that the intensity of the light proceeding from any luminary 
will depend conjointly on, first, the number of luminous points upon 
the luminary, or, what is the same, the magnitude of the luminous 
surface : secondly, on the intensity of the light of each luminous point 
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composing sucb surface; and thirdly, upon the distance from tlie 
luminary at which the illuminated object is placed. 

908. Msoluie brilliancy depends conjointly on absolute intensity 
and distance. — The absolute brilliancy of each luminous point com- 
posing any luminous object is called the absolute intensity of its light 
Let this be expressed by l. Let the number of luminous points com- 
posing it, or the magnitude of its luminous surface, be expressed by 
s, and let the distance of the illuminated object from the luminary be 
expressed by D. The brilliancy of the illumination will then be ex- 
pressed by 



B=- 



1X8 



In other words, the brilliancy of the illumination is proportional to 
the absolute intensity of the luminary multiplied by the magnitude of 
its illuminating surface, and divided by the square of the distance of 
the illuminated object from it. 

909. Effect of obliquity of the light. — It is here supposed, how- 
ever, that the illuminated surface is placed at right angles to the rays 
of light, as would be the case with the surface of a sphere surround- 
ing a luminous centre ; but as it seldom happens that the illuminated 
surface has exactly this position, it is necessary to inquire in what 
manner the brightness of the illumination will be affected by its ob- 
liquity to the rays of light falling upon it. 

Let R,^^. 270., be a pencil of rays which we 
shall here suppose to be parallel ; and let A B be 
a surface on which these rays fall. Let this sur- 
face be supposed to be capable of being turned 
upon the point A as a centre or hinge, so as to 
assume different obliquities in relation to the 
rays. If it were in the position A B, at right 
angles to the direction of the rays, it would re- 
ceive upon it all the rays included between the 
lines A X and B Y. If it be^in the position A b', 
it will receive upon it only the rays included be- 
tween the lines A x and b' y'. If it be in the 
position A b", it will receive upon it only the rays 
included between the lines A.X and b" y". Again, 
if it be in the position ab'", it will receive upon 
it only the rays which are included between the 
lines A X and b'" y'". 
Thus it is quite apparent that as the obliquity of the surface upon 
which the rays fall to the direction of the rays is increased, the num- 
ber of rays incident upon such surface will be diminished, and that 
this diminution will be in the proportion of the distances b' z', b" z", 
b"'z"', &c. 
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These lines are called in geometry the sines of the angles formed 
by the surfaces b' a, b" a, &c., with the direction of the rays. 

It follows, therefore, that the intensity of the illumination pro- 
duced upon a given surface by a given pencil of rays will diminish in 
the same proportion as the sine of the angle of obliquity of such sur- 
face to the direction of the rays is diminished. 

It follows, therefore, evidently from this that the illumination is 
greatest when the sur£EM)e is at right angles to the rays, and gradually 
diminishes until the surface is in the direction of the rays, when it 
ceases altogether to be illuminated. 

910. Methods of comparing the illuminating power of lights. — 
If two luminaries, having equal luminous surfaces at equal distances 
from the same white opaque surface, placed at the same angle with 
the rays, shed lights of equal brightness on such surface, it follows 
that their absolute intensities must be equal. 

In that case, the distances and the luminous surfaces being respect- 
ively equal, there is no other condition which can affect the illumi- 
nation, except the intensity of the light proceeding from each lumi- 
nous point; and since, therefore, the illuminations are equal, these 
intensities must be eqiial. 

If, on the contrary, two such luminaries so placed produce different 
degrees of illumination on the same surface, their absolute intensities 
must be different, and must be in the proportion of the illuminations 
they produce. If in this case that luminary which produces the more 
feeble illumination be moved towards the illuminated object, until its 
proximity is increased, so that it produces an illumination equal to 
that of the other luminary, then the absolute intensity of the two 
luminaries will be as the squares of their distances. This may be 
demonstrated as follows : — 

Let B express the brilliancy of the illumination produced by the 
two luminaries. Let s express the common magnitude of their lumi- 
nous surfaces. Let i and i' express their intensities, and let D and d' 
express those distances which render their illuminations equal; we 
shall then have for the one 





B = 


1X8 


and for the other, 


B = 


I' X s 




D'^ ' 


consequently, we i 


)hall have 

I 


I' 


and consequently, 


i:i': 


b2 
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911. Photometry, — ^The art of measaring the ioteDsity of light hj 
observation is oalled photometry^ and the instruments or expedients 
serving this purpose are called photometers. 

The most simple form of photometer is that which may be called 
the method of shadows, and which is founded upon the principle 
which has just been demonstrated, — that with equal illumination the 
intensity of the light is directly as the square of the distance of the 
luminary. 

912. Photometer by shadows. — This photometric apparatus, the ift* 
vention of which is due to Count Rumford, consists of a white screen 
fixed in a vertical position, having a small opaque rod placed at a short 
distance from it, also in a vertical position. The screen, rod, and the 
two lights whose powers are to be compared, are so placed relatively 
to each other, that the two shadows of the rod formed by the two 
luminaries on the screen shall just touch without overlaying each 
other. Under these circumstances, it is evident that the space on the 
screen occupied by the shadow proceeding from each luminary will be 
illuminated by the other luminary. Thus, two spaces on the screen 
are exhibited in juxtaposition, each of which is illuminated by one 
of the luminaries independent of the other. It will at first be found 
that these two spaces will be unequally bright. The position oi the 
luminaries, or of the screen or rod, must then, one or all, be changed 
until the two shadows, being still kept in juxtaposition, appear to be 
equally bright, so as to present a uniform shadow. Let the distance 
of the two luminaries from the shadows be then measured, and it will 
follow, according to the principle that has been already established, 
that the intensities of the two luminaries will be as the squares of 
these distances. ^ 

If in this case the two luminaries have equal luminous surfaces, 
their absolute intensities will be in the ratio of the squares of their 

distances ; but if either lumi- 
nous surface be unequal, the 
squares of the distances will 
represent the proportion, not 
of their absolute intensities, 
but of the products of their 
absolute intensity multiplied 
by their luminous surface. 

913. Ritchie^s photometer. 
— Another photometer, on a 
simple and beautiful prin» 
ciple, proposed by the kte 
*^* Professor Ritchie, and repre- 

sented in^^. 271., consists of a rectangular box about an inch and a 
half or two inches wide, and eight inches long, open at both endsy 
and blackened in the middle. In the centre of its length are two 
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sarfaoes placed at right angles with each other^ and at an angle of 
45^ with the bottom of the box. Upon these surfaces, white paper 
is pasted. A round hole is made in the top of the box immediately 
over the line formed by the edges of the paper, so that an eye look- 
ing in at this hole may see equally the two surfaces of paper. To 
compare two lights, the instrument is placed in such a manner before 
them that each may illuminate one of the pieces of paper. The dis- 
tance of the lights from the surfaces of the paper are then to be so 
adjusted by successive trials that the two surfaces of paper shall ap- 
pear to the eye of uniform brightness. In that case, the illumination 
of the surfaces being the same, the illuminating powers of the lumi- 
naries will be in the same proportion as the squares of their distances 
from the paper, the principle of this being the same as that of th% 
photometer of Count Rumford. 

In this and all similar experiments, the colour of the light exercises 
a material influence on the results; and the comparative brilliancy 
cannot be ascertained with any precision, unless the two luminaries 
give light of nearly the same colour. 

914. Method of comparing the absolute intensity of light. — When 
it is desired to ascertain the absolute intensities of the lights, it is, 
as has been stated, necessary to expose equal illuminating surfaces to 
the photometric apparatus; but as it is not always easy to produce 
luminaries having surfaces exactly equal, this object may be attained 
by the following expedient : — Let two opaque screens, having holes in 
them of exactly equal magnitude, be placed near and exactly opposite 
to the middle of each luminous surface. The rays of light which 
pass through the two apertures will in such case proceed from equal 
portions of the surfaces of the two luminaries, and the result of the 
experiment will therefore show the absolute intensities. 

915. Intensity of solar light. — The sun produces the most in- 
tense illumination with which we are acquainted. This arises partly 
from the absolute intensity of that luminary, and partly from the vast 
extent of his Inminous surface. The diameter of the sun is very 
near a million of miles, and consequently, being a sphere, the super- 
ficial extent of his surface is about three millions of square miles ; 
but as one-half the surface only is presented to us at any one time, 
the magnitude of it will be a million and a half of square miles. 

916. Electric light. — The most brilliant artificial light yet pro- 
duced is inferior to the splendour of solar light in an incredible pro- 
portion. The brightest artificial lights are those produced by the con- 
tact of charcoal points, through which a galvanic current passes, and 
by lime submitted to the heating power of the oxyhydrogen blow-pipe. 
These lights, however, when projected on the disk of the sun, appear 
nevertheless as a blank spot 
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CHAP. IIL 

BJSFLECTION QF UQHT. 

917. Reflection varies according to the quality of the surfa/ic. — 
When rays of light encounter the surfaoe of an opaque body, they 
are arrested in their progress^ such surfaces not being penetrable by 
them. A certain part of them, more or less according to the quality 
of the surface and the nature of the body, is absorbed, and the re- 
maining part is driven back into the medium from which the rays 
proceed. This recoil of the rays from the surface (m which they strike 
IS called reflection^ and the light thus returning into the same medium 
from which it had arrived^ is said to be reflected. 

The manner in which the light is reflected from such a surface 
varies axxsording as the surface is polished or unpolished, and accord- 
ing to the degree to which it is polished. 

We shall consider three cases : 1st, that of a surfaoe absolutely un- 
polished; 2dly, that of a surface perfectly polished ; and 3dly, that 
of a surface imperfectly polished. 



CHAP. IV. 

BEFIJBCTION IPROM UNPOLISHED SURFACES. 

If light fall upon a uniformly rough sur&ce of an opaque body, 
each point of such sur&ce becomes the focus of a pencil of reflected 
light, the rays of such pendl diverging equally in all directions from 
such focus. 

The pencils which thus radiate from the various pdnts are fliose 
which render the sur&ce visible. K the light were not thus refleeted 
indifferently in all directions from each point of the surface, the sur- 
(ace would not be visible, as it is, from whatever point it may be 
viewed. 

The light which is i^us reflected from the various points upon the 
surface of any opaque body, has the colour which is commonly im- 
puted to the body. The conditions, however, which determine the 
(colour of bodies will be fully explained hereafter; for the present, it 
will be sufficient to establish the fact, that each point of the surface 
of an opaque body which is illuminated is an independent focus from 
which light radiates, having the colour proper to such point, by which 
light each such point is renuered visible. 
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918 Irregular refiectitm, — This mode of reflection; bj wbioh die 
forms and qualities of all external objects are rendered manifest to 
sight, has been generally denominated, though not as it should seem 
with strict propriety, the irregular reflection of light. 

There is, nevertheless, nothing irregular in the. character of the 
phenomena. The direction of the reflected rays is independent of each 
of the incident rays ; but, nevertheless, such direction obeys the com- 
mon law of radiation. 

The existence of these radiant pencils proceeding from the surface 
of any illuminated object, and their independent propagation through 
the surrounding space, may be rendered still more manifest by the fol- 
lowing experiment. 

Let A 'Ryjig' 272., be an illuminated object, placed before the win- 
dow-shutter of a darkened room. Let c be a small hole made in the 
window-shutter, opposite the centre of the 
object. If a screen be held parallel to the 
window-shutter, and the object at some dis- 
tance from the hole, an inverted picture of 
the object will be seen upon it, in which the 
form and cobur of the object will be pre- 
served; the magnitude, however, of such 
picture will vary according to the distance 
Fig. 272. jj£ ^jjg screen from the aperture. The lose 

such distance, the less will be the magnitude of the picture. 

This eflect is easily explained. According to what has been al- 
ready stated, each point of the surface of the illuminated object A B 
is a focus of a pencil of rays of light having the colour peculiar to 
such point Thus, each portion of the pencil of rays which radiates 
from the point B, and has for its base the area of the aperture c, will 
pass through the aperture, and will continue its rectilinear course until 
it arrives at the point h upon the screen, where it will produce an illu- 
minated point corresponding in colonr to the point B. 

In the same manner, the pencil diverging from A, and passing 
through the aperture/;, will produce an illuminated point on the screen 
at a, cdtresponding to the point A. 

Each intermediate point of the object will produce a corresponding 
illuminated point on the screen. It is evident, therefore, that a series 
of illuminated points corresponding in arrangement and colour to those 
of the object will be formed upon the screen between a and h ; their 
position, however, being invited, the points which are highest in the 
object being lowest in the picture. 

919. Picture formed on wall by light admitted through small aper- 
ture. — These effects may be witnessed in an interesting manner in 
any room which is exposed to a public thoroughfare frequented by 
moving objects. Let the window-shutters be closed and the intei- 
Bticcs stopped so as to exclude all light except that which enters 
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througli a small bole made for the purpose, and if no hole be found 
in the shutters sufficiently small^ a piece of paper or card may be 
pasted over «n j convenient aperture, and a hole of the required mag- 
nitude pierced in it. Coloured inverted images of all the objects 
passing before the window will thus be depicted on a screen conve- 
niently placed. They will be exhibited on the opposite wall of the 
room I but unless the wall be white, the colours will not be distinctly 
perceptible. The smaller the hole admitting the light is, the more 
distinct but the less bright the pictures will be. As the hole is en- 
larged the brightness increases, but the distinctness diminishes. The 
want of distinctness arises from the spots of light on the screen, pro- 
duced by each point of the object overlaying each other, so as to pro- 
duce a confused effect. 

920. Different reflecting powers of surfaces, — Surfaces differ 
from each other in the proportion of light which they reflect and 
absorb. In general, the lighter the colour, other things being the 
same, the more light will be reflected and the less absorbed, and the 
darker the colour the less will be reflected and the more absorbed ; 
but even the most intense black reflects some light. A surface of 
black velvet, or one blackened with lamp-black, are among the dark- 
est brown, yet each of these reflects a certain quantity of rays. That 
they do so we perceive by the fact that they are visible. The eye re- 
cognizes such surfEices as differing from a dark aperture not occupied 
by any material surface, and it can only thus recognize the appearance ' 
of the material surface by the light which it reflects. The following 
experiment, however, will render this more evident. 

921. The deepest black reflects some light, — Blacken the inside 
of a tube, and fasten upon the extremity remote from 
the eye a plate of glass. To the centre of this plate 
of glass attach a circular opaque disk, somewhat less 
in diameter than the tube, so that in looking through 
the tube a transparent ring will be visible, as repre- 
sented in flg, 273. In the centre of this transparent 
ring will appear an intensely dark circular space, being 

Fig. 273. that occupied by the disk attached to the glass. 

Now, let a piece of black velvet be held opposite 
the end of the tube, so as to be visible through the transparent ring. 
If the velvet reflected no light, then the transparent ring would be- 
come as dark as the disk in the centre; but that 'will not be the case. 
The velvet will appear by contrast with the disk, not black, but of a 
greyish colour, proving that a certain portion of light is reflected, 
which in this case is rendered perceptible by the removal of the 
brighter objects from the eye. 

922. Irregular reflection necessary to vision. — Irregular reflection, 
as it has been so improperly called, is one of the properties of light 
which is most essential to the efficiency of vision. 
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Without irregular reflection, light must he either ahsorhed by the 
surfaces on which it falls, or it must be regularly reflected. ]f the 
light which proceeds from luminous objects, natural or artsficial, were 
absorbed by the sur&ces of objects not luminous, then the only 
visible objects in the universe would be the sun, the stars, and arti- 
ficial lights such as flames. * 

These luminaries would, however, render nothing visible but them- 
selves. 

If the light radiating from luminous objects were only reflected 
regularly from the surface of non-luminous objects, these latter 
would still be invisible. They would have the effect of so many 
mirrors, in which the images of the luminous objects only could be 
seen. Thus, in the day-time, the image of the sun would be reflect- 
ed from the surface of all objects around us, as if they were com* 
posed of looking-glass, but the objects themselves would be invisible. 
The moon would be as though it were a spherical mirror, in which 
the image of the sun only would be seen. A room in which arti- 
ficial lights were placed would reflect these lights from the walls and 
other objects around as if they were specula, and all that would be 
visible would be the multiplied reflections of the artificial lights. 

Irregular reflection, then, alone renders the forms and qualities of 
objects visible. It is not, however, merely by the first irregular re- 
flection of light proceeding from luminaries by which this is effected. 
Objects iUuminated and reflecting irregularly the light from their 
suifaces, become themselves, so to spe^, secondary luminaries, by 
which other objects not within the direct influence of any luminary 
are enlightened, and these in their turn reflecting light irregularly 
from their surfauses, illuminate others, which again penorm the same 
part to another series of objects. Thus light is reverberated from 
object to object through an infinite series of reflections, so as to render 
innumerable objects visible which are altogether removed from the 
direct influence of any natural or artificial source of light. 

923. Use of the atmosphere in diffusing light, — ^The globe of the 
earth is surrounded with a mass of atmosphere extending forty or 
fifty miles above the surface. 

The mass of air which thus envelopes the hemisphere of the earth 
presented towards the sun, is strongly illuminated by the solar light, 
and, like all other bodies, reflects irregularly this light. Each par- 
ticle of air thus becomes a luminous centre, from which light radiates 
in every direction. In thia manner, the atmosphere di£ises in all 
directions the light of the sun by irregular reflection. Were it not 
for this, the sun's light could only penetrate those spaces which are 
directly accessible to his rays. Thus, the sun shining upon the win- 
dow of an apartment would illuminate just so much of that apartment 
as would be exposed to his direct rays, the remainder remaining in 
darkness. But we find, on the contrary, that although that part of 
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file room upon which the sun directly shines is more brilfiantlj illii- 
siinated than the surrounding parts, these latter are neverdieless 
strongly ilkiminated. All this light proceeds from the irregular xe- 
flection of the mass of atmosphere just mentioned. 

924. Dijiuian of snlar light by all opaque objects. — But the 
solar light is further diffused by being again irreffularly reflected from 
the surface of all the natural objects upon which it falls. The light 
thus irregularly reflected from the air falling upon all natural objects, 
is again reciprocally reflected from one to another of these through an 
indefinite series of multiplied reflections, so as to produce that diffused 
and general illumination which is necessary for the purposes of yision. 

Light and shade are relative terms, signifying only different degrees 
of illumination. There is no shade so dark mto which some light 
does not penetrate. 

It is the same with artiflcial lights. A lamp placed in a room 
illuminates directly all those objects accessible to its rays. These 
objects reflect irregularly the light incident upon them, and illuminate 
thus more faintly others which are removed from the direct influence 
of the lamp, and thus, these again reflecting the light, illuminate a 
third series still more faintly ; and so on. 

925. Effeici of the irregular reflection of lamp-shades. — When 
it is desired to diffuse uniformly by reflection the light which radiates 
from a luminary, the object is often more effectually attained by 
means of an unpolished opaque reflector than by a polished one. 
White paper or card answers this purpose very effectually. Shades 
formed into conical surfaces placed over lamps are thus found to dif- 
fuse by reflection the light in particular directions, as in the case of 
billiard-tables or dinner-tables, where a uniformly diflused light is 
required. A polished reflector, in a like case, is found to diffuse light 
much more unequally. 

In case of white paper or card, each point becomes a centre of 
radiation, and a general and uniform illumination is the consequence. 
The light obtained by reflection in such oases is always augmented by 
rendering the reflector perfectly opaque; for if it be in any degree 
transparent, as is sometimes the case with paper shades put over 
lamps, the light which passes through them is necessarily subtracted 
from that which is reflected. 
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CHAP. V. 

BEFLEOnON FROM FERFEOTLT POLISHED SXTRFACES. 

926. Regular reflection, — By what has been just explained, it 
appears thai light reflected from rough and unpolished sur^ces radi 
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ates from all the parts composing them, as from so many fooi of 
divergent pencils. If, however, the sarface were absolutely smooth 
and perfectly polished, then totsJly different phenomena Ti^uld ensne^ 
which have been denominated regular reflection. 

927. Mirrors and specula. — Surfaces which possess this reflecting 
power in the highest degree are called mirrors or specula. 

The most perfect specula are those composed of the metals, the best 
being produced by various alloys of copper, silver, and zinc. If a 
glass plate be blackened on one side, the surface of the other will 
form for certain ptu^oses a good reflector. 

928. Law of regular reflection, — To explain the law of regular 
reflection^Setc^^g. 274., be a point upon a reflecting surface ab, 

upon which a ray of light B c is incident. 
Draw the line C E perpendicular to the re- 
flecting surface at o ; the angle formed by 
this perpendicular and the incident ray D 
G, is called the angle of incidence. 
From the point c, draw a line c d' in the 

plane of the angle of incidence doe, and 

▲ c B forming with the perpendicular G E an angle 

Fiff 274. b' £ equal to the angle of incidence, but 

lying on the other side of the perpendic- 
ular. This line c D' will be the direction in which the ray will be 
reflected from the point o. The angle b' o E is called the aitg/e of 
reflection. 

The phme of the angles of incidence and reflection which passes 
'through the two rays G D and G i)', and through the perpendicular G E, 
and which is therefore at right angles to the reflecting surface, is 
called the plane of reflection. 

This law of regular reflection from perfectly polished surfaces, which 
is of great importance in the tlieory of light and vision, is expressed 
as follows : — 

When light is reflected from a perfectly polished surface, the an* 
gle of incidence is equal to the angle of reflection, in the same plane 
with it, and on the opposite side of the perpendicular to the reflecting 
surface. 

From this law it follows, that if a ray of light fall perpendicularly 
on a reflecting surface, it will be reflected back perpendicularly, and 
will return upon its path ; for in this case, the angle of incidence and 
the angle of reflection being both nothing, the reflected and incident 
rays must both coincide with the perpendicular. If the point G be 
upon a concave or convex surface, the same conditions will prevail ; 
the line g e which is perpendicular to the surface, being then what is 
oalled in geometry, the normal. 

929. Experimental verification of this law. — This law of refleo* 
tion may be experimentally verified as follows : — 
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Let c d c\ fig, 275., be a graduated semicircle, placed with iig 
diameter e c' horizontal. Let a plumb-line h d \>q suspended from 
its centre b^ and let the graduated arc be so adjusted that the plumb* 

line shall intersect it at the 
zero point of the division, 
the divisions being numbered 
from that point in each di- 
rection towards c and c'. Let 
a small reflector (a piece of 
looking-glafls will answer the 
purpose) be placed upon the 
horizontal diameter at the 
centre with its reflecting sur- 
face downwards, and let any 
Fig. 275. convenient and well-defined 

object be placed upon the 
graduated arc at any point, such as a, between d and c. Now, if 
the point a' be taken upon the arc cZ c' at a distance from d equal to 
d a, the eye placed at a! and directed to h will perceive the object a 
as if it were placed in the direction a! h. It follows, therefore, that 
the light issuing from the point of the object a in the direction a b, 
is reflected to the eye in the direction b a'. In this case, the angle 
abd is the angle of incidence, and the angle dba' is the angle of 
reflection ; and, whatever position may be given to the object a, it will 
be found that in order to see it in the reflector by the eye must be 
placed upon the arc (2 c' at a distance from d equal to the distance at 
which the object is placed from d upon the btq dc. 

The same principle may also be experimentally illustrated as fol-* 
lows : — 

If a ray of sun-light admitted into a dark room through a small 
hole in a window-shutter strike upon the surface of a mirror, it will 
be reflected from it, and both the incident and reflected rays will be 
rendered visible by the particles of dust floating in the room. By 
comparing the direction of these two visible rays with the direction 
of the plane of the mirror and the position of the point of incidence, 
it will be found that the law of reflection which has been announced 
is verified. 

930. Plane reflectors — parallel rays. — If parallel rays be inci- 
dent upon a polished plane reflecting surface, they will be reflected 
parallel ; for since they are parallel, they will make equal angles with 
the perpendiculars to Uie surface at their points of incidence, and the 
planes of these angles will also be parallel. 

The reflected rays will, therefore, also make equal angles with the 
perpendiculars, and the planes of reflection will be parallel; conse* 
i|uently the reflected rays will be parallel. 

This may also be experimentally verified by admitting rays of solar 
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Kght into a dark room through two small apertures. Such rays will 
always be parallel ; and if they are received upon a plane mirror, their 
reflections will be found to be parallel, the rays and the reflections 
being rendered visible, as already explained. 

931. Divergent rays, — If a pencil of divergent rays fall upon a 
plane mirror, ^e reflected rays will also be divergent, and their focus 
will be a point behind the mirror similarly placed, and at the same 
distance as the focus of incident rays is before it. 

To demonstrate this, let A B, fig, 276., be the reflecting surface. 
Let F be the focus of the incident pencil from which the rays F A, 
F B, F o, &o. diverge, and let f A be perpendicular to the reflecting 

surface A b. If we take A f' on the 
continuation of F A equal to A F, and 
draw the lines f' b b' and f' o', then 
it can easily be perceived that the 
^lines B b' and c o' make angles with 
the reflecting surface, and therefore 
with the perpendicular to it, equal to 
the angles which the incident rays- 
F B and F G make with it respect* 
ively ; for since A F is equal to A f', 
p. 276 F B will be equal to F' B, and F 

will be equal, to F'o; consequently 
the angles b F A and b F' A will be equal, as will also the angles F A 
and G F' A. But the angles b F a and of x are the angles of inci- 
dence of the two rays fb and F o; and since the angles bf' A and 
G f' A are respectively equal to them, and lie on opposite sides of the 
perpendicular, they will be the angles of reflection; consequently^ the 
ray f b will be reflected in the direction B b', and the ray F G in the 
direction c o'. These two rays, therefore, will be reflected from the 
points b and G as if they had originally radiated from f' as a focus ; 
and in the same way it may be shown that the other rays of a pencil 
diverging from F will be reflected from the mirror as if they had 
diverged from f'. But f' is the point on the other side of the mirror 
which is placed similarly and at the same distance from the mirror as 
the point F is in front of it. 

932. Image of an object formed hy a plane reflector, — It follows 
from what has been just explained) that an object placed before a 
plane reflector will have an image at the same distance behind the re- 
flector as the object is before it, for the rays which diverge from each 
point of the object will after reflection, according to what has been 
shown, diverge from a point holding a corresponding position behind 
the reflector, and if received after reflection by the eye of an observer 
will produce the same effect as if they had actually diverged from 
such point. All the rays, therefore, proceeding from the object, will 
after reflection follow tiiose directions which they would follow had 

42 * 497 



28 LIGHT. 

they proceeded from a series of poiDts, on the sarfaee of a mmilar 
object placed behind the reflector at the same distance as the object 
itself is before it, and consequently they will produce the same effect 
on the organs of vision as would be produced by a similar object 
placed as fiur behind the mirror as the object itself is before it 

The position of the different parts of the image formed in a plane 
reflector will be exactly determined by supposing perpendiculars drawn 
from every point on the object to the reflector, and these perpendicu- 
lars to be continued beyond the reflector to distances equal to those 
of the points from which they are drawn before it. The extremities 
of the perpendiculars so continued will then determine the corre- 
sponding; points of the image. 

It follows from this, that the images of objects in a plane reflector 
appear erect, that is to say, the top of the image corresponds with the 
top of the object, and the bottom of the image with the bottom of 
the object. But considered laterally with regard to the object itself, 
they will be inverted, that is to say, the left will become the right, 
and the right the left. This will be easily understood by considering 
that if a person stand with his £ace to a plane reflector, in a vertical 
^ position, his image will be presented with the fieboe towiurds him, and 
the image of his right hand will be on the right side of his image as 
he views it, but wiU be on the left side of the image itself, and the 
same will apply to every other part of the image in reference to the 
object There is, therefore, lateral inversion. 

This effect is rendered strikingly manifest by holding before a re- 
flector a printed book. On the image of the book all the letters will 
be reversed. 

It follows also, from what has been explained, that if an object be 
not parallel to a reflector, but forms an angle with it, the image will 
form a like angle with it, and will form double that angle with the 
direction of the object 

Let A Byjig, 277., be a plane reflector, before which an object c d 
is placed. From o draw the perpendic- 
ular c o, and continue it from o to o', so 
, that o o' shall be equal to o c. In like 
-S manner, draw the perpendicular D p, and 



V 



/ continue it so that p i>' shall be equal to 



p D. Then the image of o will be at o', 

and the image of D at j)', and the image 

of all the intervening points between o and 

D will be at points intermediate between 

o' and d', so that o' d' shall be inclined 

Fig 277. ^ ^^ reflector at the same angle as c D 

* is inclined to it, and the object and the 

image will be inclined to each other at twice the angle at which either 

is inclined to the reflector. 
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Hence, if an object in a horizontal position be reflected by a re* 
fieotor forming an angle of 45^ with the horizon, its image will be in 
a vertical position ; and if the object being in a vertical position be 
reflected by such a mirror, its image will be in a horizontal position. 

K a reflector be placed at an angle of 45° with a wall, the image 
of the wall will be at right angles with the wall itself. 

If a reflector be horizontal, the image of any vertical object seen in 
it will be inverted. Examples of this are rendered familiar by the 
effect of the calm surface of water. The country on the bank of a 
calm river or lake is seen inverted on its surface. 

933. Series of images formed by two plane reflectors . — If an 
object be placed between two parallel plane reflectors, a series of 
imi^es will be produced lying on the straight line drawn through the 
object perpendicular to the reflector. This effect is seen in rooms 
where mirrors are placed on opposite and parallel walls, with a lustre 
or other object suspended between them. An interminable range of 
lustres is seen in each mirror, which lose themselves in the distance 
and by reason of their faintness. This increased faintness by multi- 
plied reflection arises from the loss of light caused in each successive 
reflection, and also from the increased apparent distance of the image. 

Let A B and c T>,Jig» 278., be two parallel reflectors; let o be an 
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Fig. 278. 

object placed midway between them. An image of o will be formed 
at o' as far behind c D as o is before it, and another image wiU be 
formed at o' as fax behind A b as o is before it. The image o' be- 
coming an object to the mirror A b will form in it another image o" 
as far behind A B as o' is before it^ and in like manner the image o' 
becoming an object to the mirror c D will form an image o" as far 
behind o D as o' is before it. The images o" and o" will again become 
objects to the mirrors A B and c D respecliveiy ; and two other images 
will be formed at equal distances beyond these latter. In the same 
way we shall have, by each p»ir of images becoming objects to the 
respective mirrors, an indeflniM; series of equidistant images. 

The distance between each successive pair of images will be equal 
to the distance of the object o from either of the images o' or o', and 
consequently to the distance between the mirrors. 

934. Images repeated by inclined reflectors, — A variety of in- 
teresting optical phenomena are produced by the multiplied reflection 
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of plane mirrors inclined to each other at different angles.. As all 
these phenomena may he explained upon the same principle, it will 
suffice here to give a single example. 

Let A By A G, fig. 279., he two reflectors, inclined to each other 
at a right angle, and let o he an ohject placed at a point hetween 
them, equally distant from each. From o 
draw o m and o N perpendicular to A o and 
A B, and produce o M to o' so that M o' will 
be equal to M o; and produce o N to o", so 
that N o" shall be equal to N o. Two images 
of the point o will be formed at o' and o". 
The image o' becoming an object to the 
mirror A B will have an image at o'" just as 
far behind A B as o' is before it \ and, in like 
Fig. 279. manner, the image o" becoming an object to 

the reflector A c will have an image just as 
far behind A o as o" is before it; but, in the present case, this latter 
image of o" in the reflector A will coincide with the image of o' in 
the reflector A B, and will appear at o'". Thus, the mirrors will pre- 
sent three images of the object o, which are placed at the angles of a 
square, of which the point A is the centre. 

In the same manner, if the reflectors AB and A<3 be placed at an 
angle which is the eighth part of 860^, there will be formed seven 
images of the point o, which, with the point o, will be placed at the 
eight angles of a regular octagon of which the pom. 4. where the 
mirrors meet, will be the centre ; and like results will be found by 
giving the mirrors other inclinations. 

935. The kaleidoscope, — The optical eflects of the kaleidoscope 
depend upon this principle. Two plates of common looking-glass are 
fixed in a tube forming an angle of 45^, or some other aliquot part of 
360^, with each other; semi-transparent objects of various colours are 
loosely thrown between them, and shut in by means of plates of glass 
at the ends, one of which is ground, so as to be semi-transparent. 
The images of the coloured fragments between the mirrors are multi- 
plied so as to form a polygon as just described, and thus a regularity 
is given to their amngement, however irregular their disposition may 
be between the mirrors. The effect of this instrument may be varied 
by a provision for varying the inclination of the mirrors. 

936. Optical toy by multiplied, reflectioru — An amusing optical 
toy is represented in Jig. 280., by means of which objects may be 
seen, notwithstanding the interposition of any opaque screen between 
them and the eye. The rays preceeding from the object p entering 
the tube d strike on the mirror I placed at an angle of 45°, and are 
reflected downwards vertically to the mirror A, also placed at 45°, 
from which they are reflected horizontally to the mirror g placed at 
45°, from which they are again reflected vertically to the mirror h 
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Fig. 280. 

placed at 45^, from wbich they are reflected horizontally to it at A. 
The eye thus sees the object after four reflections, the rays which 
render it visible having travelled round the rectangular tube Ikgka. 

937. Formation of images hy reflecting surfaces in general, — In 
order that a reflector should produce a distinct image of an object 
placed before it, it is necessary that the rays diverging from each 
point of the object should^ after reflection^ diverge from, or converge 
to, some common point 

Thus, the surface of the object may be considered as an assemblage 
of foci of an infinite number of pencils of incident rays. Each of 
these pencils will, by reflection, be converted into other pencib hav« 
ing other foci, the assemblage of which will determine the form and 
magnitude of the image of the object produced by the reflector. In 
the case of a plane reflector, it has been shown that the assemblage 
of these fod corresponds in form and magnitude to the object, and 
therefore, in this case, the image is equal, and in all respects similar 
to the object; but this does not always happen. 

938. Magnified, diminished, or distorted images. — The pencils 
of incident rays may be converted by reflection into pencils of 
reflected rays having diflerent foci, but the assemblage of these foci 
may not correspond with the points forming the surface of the object. 
They may be similar to it in form, but greater in magnitude, in which 
case the reflector is said to magnify the object; or they may be simi- 
lar to it in form and less in magnitude, in which case the reflector is 
said to diminish the object. £i fine, they may assume such a form 
as to present the object in altered proportions. Thus, while the pro- 
portion of the vertical dimensions is preserved, that of the horizontal 
dimensions may be increased or diminished, or vice versd ; or either 
of these dimensions may be generally increased at various points of 
the image. In such case, the reflector is said to present a distorted 
image. 

939. Cases in which no image is formed, — Since to produce a 
distinct image of any point in an object, it is necessary that the rays 
diverging from that point should be reflected, so as to diverge from 
some other point, if sdfter reflection they have no common point of iu- 
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tersection, the point of the object from which they ori^ally divei'j^ 
can have no distinct image. 

In this case the e£fect of the reflection will be to produce upon the 
vision a confused impression of the colour of the object^ without any 
distinct form. 

940. Conditions under which the reflected rays shall have a com" 
mon focus. — In order, therefore, that a polished surface should re- 
flect the rays which diverging from any point are incident upon it ex- 
actly to or from another point, it is necessary that the surface should 
be of such a nature that lines drawn from the two points in question 
to any one point on the surface shall make equal angles with the sur- 
face. No surface possesses this property except one whose section 
made by a plane passing through the two points is an ellipse, the two 
points being its foci. It follows, therefore, that if a pencil of li^ht 
have its focus at one of the foci of an ellipse, the rays which diverging 
from such focus strike upon the ellipse, or upon any surfiice with 
which the ellipse would coincide, will be reflected to the other focus. 

941. Elliptic reflector. — To render this more clear, let a o b d, 

fig, 281., be an ellipse whose 

^P foci are V and v'. Then, ac* 

cording to what has been ez« 
plained, if two lines be drawn 
from F and F' to any one point, 
such as p, in the ellipse, they 
will make equal angles wit^ 
the ellipse ; and, oonsequenUy, 
if F p be a ray c^ light form- 
ing part of a penm of rays 
whose focus is F, it will be re- 
flected along the line pf' to 
the other focus. 

Now if we suppose a re- 
Fig. 281. fleeting surface so formed that 
the ellipse by turning round the line A B as an axis will everywhere 
coincide with it, this surface is called an ellipsoid ; and if it were a 
polished and reflecting surface, it would be called an elliptic reflector. 
It is evident that it is not necessary that such a surface should 
form a complete ellipsoid. Any portion of it upon which a pencil of 
rays passing from one of the foci would fall, would reflect such pencil 
so as to make it converge to the other focus. In this case the pencil 
proceeding from the focus in which the luminous point is placed, 
would be a diverging pencil, and that which is reflected to the other 
focus would be a converging pencil. 

942. Parabolic reflectors, — It has been shown (807.) that a para- 
bola has a property in virtue of which a line drawn from any point 
in it, such as v,fig, 282., to a point f called its focus, and another| 
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p M, parallel to its axis, make equal angles with the curve. It fol* 
lows from this, that if the parabola possessed the power of reflecting 
light, rays diverging from its focas f would be reflected parallel to its 

axis V M ; and, on the other hand, if 
rays directed along lines parallel to 
its axis were incident on the panu- 
bola, they would be reflected in the 
^ ^ form of a pencil converging to its 
focus. 
If we suppose the parabola to re- 
^^ volve round its axis v M, a surface 
with which it would everywhere coin- 
cide as it revolves is called a para* 
-uboloid; and if such a surface were 
polished so as to reflect light regu* 
larly, it would form a parabolic re- 
flector. It follows, therefore, that if 
a luminous point be placed in the 
focus of such a reflector, its rays af- 
ter reflection will be parallel to the 
axis ; and, on the other hand, if rays 
strike upon the reflector in directions 
parallel to its axis, they will be re- 
flected to its focus. 

943. Experimental verification of 
these properties in the case of an elliptic reflector. — These remark- 
able properties of elliptic and 
parabolic reflectors may be eas- 
ily verified by experiment Let 
ABC, Jig. 283., be the section 
of an elliptic reflector made by 
a plane passing through its 
focus F, the other focus being at 
y. Let a luminous point, such 
as a small flame, or still better 
the light produced by two char- 
coal points when a galvanic cur- 
rent passes through them, be 
placed at the focus F. 
Let straight lines be imagined to be drawn from f' through the 
extremities of a circular screen s, meeting the reflector at B and r, 
and from the luminous point F draw the lines F B and F r. It is 
clear from what has been stated that a ray of light passing from f to 
B will be reflected from b to f' ; and one passing from F to r will be 
reflected from r to f', both grazing the edge of the screen s } and the 
same will be true for all rays passing from f which are incident upon 

503 



Fig. 282. 




Fig. 283. 



84 



LIGHT. 



a circle traced on the reflector whose diameter would be a line joimng 
B and r. 

The rays proceeding from F, and incident between the points & and 
r, will after reflection strike upon the screen S; and will thus be pre- 
vented from proceeding towards the point f'. 

From the point v dmw the lines F r' and F r' passing the extremi- 
ties of the screen s. It is clear that the rays passing from F between 
the lines F r' and F r' will be intercepted by the screen. 

Thus it follows that all the rays which strike upon the reflector, 
%nd which are not intercepted by the screen S; are included on the one 
>«ide by the lines f b and f b', and on the other by the lines F r and f r\ 
Now, according to^what has been explained, all the rays incident 
opon the surface of the reflector would, after reflection, converge to 
the point f', as represented in the figure. To verify this fact, let a 
white screen M N bs placed between f' and s, at right angles to the 
line f'.s. The reflected light will appear upon this screen when -held 
near to s, as an illuminated disk with a small circular dark spot in its 
centre, this dark spot corresponding to the space from which the light 
both direct and reflected is excluded by the small screen s. If the 
screen M N be now gradually moved towards f', being kept perpen- 
dicular to the line s f', the illuminated disk will gradually diminish 
in diameter, as will also the dark circular spot in its centre, and this 
diminution will continue until the screen arrives at the point f', when 
the illuminated disk will be reduced to a small light spot, and the 
dark spot in its centre will disappear. 

This experiment may be further varied by placing the screen M n 
as near the reflector as possible, and piercing several holes in it within 
the area of the illuminated disk. The rays, of light passing through 
these holes will severally converge to the point f', as may be shown 
by holding another screen beyond M N, by means of which the course 
of the rays may be traced, since their light will produce light spots 
upon this screen. As it is moved towards f', these light spots wiU 
gradually approach each other, and when it arrives at f' they will 
coalesce and form a single spot. 

944. Case of a parabolic re- 
flector. — The reflecting proper- 
ty of a parabolic reflector may 
be experimentally exhibited by 
a like expedient. Let abg, 
flg. 284., represent a section of 
the reflector, the focus being f. 
Let a luminous point be placed 
at F, and a small circular screen 
s, as before, be placed perpen- 
dicular to the axis, and near the 
point F. It may be shown, as 
in the case of the elliptic re- 
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flector, that the rays T r' and f /, which graze the screen, will he re- 
flected in the direction r' y' and /y, parallel to the axis B X; and| 
in like manner, that the rays f b and f r, which, after reflection, 
graze the screen, will also he reflected in the direction R Y and r y 
parallel to the axis. 

Hence it follows that the reflected light will he excluded from a 
ejlindrical space, of which the screen s is the circular hase, and whose 
axis coincides with the axis B x of the reflector. 

It also appears that no light diverging from the focus F will strike 
the reflector heyond the points R' and r'. The light reflected will 
therefore he included between two cylindrical surfaces, having the 
axis of the parabola as their common axis, the sides of the exterior 
cylinder being b' y' and r' y', and those of the interior cylinder being 
R Y and r y. 

It is easy to verify these phenomena. Let a white screen m n be 
held as before at right angles to the axis b x, an illuminated disk will 
appear upon it, whose diameter will be equal to the line b' r', having 
a small dark spot in the centre, equal in magnitude to the screen s. 
If the screen m n be moved towaitls or from the screen s, this illu- 
minated disk will continue of the same magnitude, having a dark 
spot in the centre constantly of the same magnitude also. Thus it 
appears that the reflected rays must follow Qie course already de* 
scribed. 

The experiment may be further varied, as in the case of the ellipse, 
by piercing several holes in the screen M N, through which distinct 
rays shall pass. These rays being received upon another screen be- 
hind M N, will produce upon it luminous spots, and if then either 
screen be moved towards or from M N, these spots will maintain al- 
ways the same relative position. 

If, in the case of the elliptic reflector, the luminous point be placed 
at F',Jf^.'283, instead of F, then the eflects will take place in an 
inverse order, the incident rays being in this case what the reflected 
rays were in the former, and vice versd ; and the phenomena may be 
verified by a like expedient. If a small circular screen be held be- 
tween s and B at right angles to the axis, it will be found that the 
rays reflected from the elliptic surface will be inclosed between two 
conical surfaces, one of which is bounded by f b' and f r', and the 
other by F B and F r. The light will be excluded from the cone 
whose base is the screen s, and whose vertex is at f; and also fron 
the cone whose base is b r, and whose vertex is also at F. 

In the same manner, all the eflects will be inverted if a cylinder 
of rays parallel to the axis be directed upon a parabolic reflector. In 
this case, the reflected rays will be included between the conical sur- 
face bounded by the lines F r' and F r'yjig. 284., and the conical sur- 
face bounded by the lines f r and f r. 

This may be in like manner experimentally verified by means of 
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a white iereen moved bef<»re the screen 6 in the rertez B of die le- 
flector. 

945. Parabolic reflectors nseftd om hwming reflectors. — In conse- 
quence of this property, parabolic reflectors are well adapted for col- 
lecting the rays of the sun or moon into a focns. Owing to the 
encnrmotts distance of these objects, compared with any magnitndes 
which can be subject to experiment, all pencils proceeding fr^ them 
may be considered as parallel 

If, then, a parabolic reflector be placed so that its axis shall be 
directed towards the sun, the rays of the sun reflecfted by it will be 
collected in its focus ; and as their heating power will then be propor- 
tionally augmented, the apparatus may be used as a burning reflector. 

946. Experiment with two parabolic reflectors, — If two parabolic 
reflectors be placed at any distance asunder, their axes coinciding, the 
rays {Mroceeding from a luminous point placed in the focus of one will^ 
after two reflections, be collected into the focus of l^e other. 

Thus, if A B and A' 'B>\fig, 285., be the two parabolic reflectors, the 
light proceeding from a luminous point at F will be reflected by the 
surface A B in lines parallel to v y', and striking upon the rejector 
a' b' will converge to the focus f'. 

This is precisely similar to, and explicable on the same principles 
as the phenomena of echo explained in 879. ; all that has been ex- 





Fig. 285. 

pl^dned above in reference to elliptic reflectors is also analogous to thft 
phenomeDa of echo explained in 879. 

Thus the reflection of light is in all respe<^ analogous to the reflec- 
tion of sound, and subject to the same laws. 

947. Reflection by elliptic or parabolijc surfaces when the luminous 
point is not in the focus. — If, in the preceding experiments, the lumi- 
nous point be moved fiom the position of the focus F, and be placed 
cither nearer to or further from the reflector, or above or below the 
focus, the reflectJed rays will no longer converge to a common point 
after reflection by an elliptic surface, nor will they proceed in parallel 
directions after reflection by a parabolic surface. These effects may 
be verified experimentally by the same expedients as before. 

If, when the luminous point is placed before the reflector out of the 
locus F, the screen M n be moved as before, the reflected rays will pro- 
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dace upon it as before an iUuminated disk; but this disk will not be 
reduced to a luminous point by moving the screen from the reflector; 
it will diminish in magnitude to a certain limit^ and then increase, 
but will Qot in any case be reduced to a point. 

In th^ same manner with the parabolic reflector, when the light is 
placed out of the focus, the illuminated disk produced upon the screen 
will not eontinue to be of the same magnitnde, but will either increase 
or diminish, atccording as the luminous point is placed within or be- 
yond the focus. In the latter case, however, although the illuminated 
disk will diminish,, it will not be reduced to a point, but afl»r being 
reduced to a certain magnitude, it will again increase, and in all these 
cases the disk will be much more regul^ in its outline than in the 
former case. 

It appears, therefore, that an elliptical reflector will only convert 
rays diverging from a determinate point into rays converging to another 
determinate point, when the former of these points is at one of the 
foci ; and a parabolic reflector will only convert diverging rays into 
parallel rays when these rays diverge from the focus, and will only 
convert parallel rays into rays converging to a determinate point when 
l^ese parallel rays are parallel to the axis. \/ 

948. Spherical reflectors. — The form of reflecting surfeice, how- 
ever, which is most easy of construction, and most convenient in 
practice, and consequently which is most generally used, is the spherU 
cal reflector. 

The spherical reflector is a surface whi(^ may be conceived to be 

fbrmed by the arc of a circle less in magnitude than a semicircle 

revolving round that diameter which passes through its middle point. 

Thus, let us suppose A b o,fig, 286., to be such an arc, b being its 

middle point, and o its centre. 
Taking the line B o x as an 
axis of revolution, let the arc be 
imagined to rotate round it. — 
Now let a surface be conceived,^ 
which with the arc as it re- 
volves would be everywhere in 
exact contact. Sach a surface 
Fig. 266. is that of a spherical reflector. 

If the concave side of it be the 
polished side, it is called a conctwe reflector j the solidity and thick- 
ness being then on the convex side; but if the solidity be included 
within the concavity, and the convex side be polished, then the re- 
flector is said to be convex. 

These two classes of spherical reflectors, concave and convex, have 
distinct properties, which will be explained in succession. 

The point n, which is the middle point of the generating arc, is 
called the vertex of the reflector ; and the point O; the centre of tho 
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generating arc, is called its centre. The length A of the generating 
are itself, expressed in degrees, is called the opening of the refiector. 
Consequently, the angle which the axis o b makes with the radius 
o A drawn to the edge of the reflector is half the opening. The right 
line BOX, drawn through the vertex and the centre of the reflector, 
is called the axis of the reflector. 

Since all radii of a circle are at right angles to the circumference 
at the point where thej meet it, it follows also that the radii of a 
spherical surface are at right angles to such surface. Hence it fol- 
lows, that all radii of a spherical reflector, such as o B, o a', o b'', 
&c., are respectively at right angles to the surface of the reflector. 

These definitions and consequences are equally applicable to con- 
cave and convex reflectors. 

When a pencil of rays proceeding from any luminous point or 
illuminated object is incident upon a spherical reflector, that ray of 
the pencil which passes through the centre o of the reflector is called 
the axis of the pencil. Thus, if a pencil of rays diverging from the 
point ifflg* 287., 288., be incident upon the reflector ABC, the axis 





Fig. 287. Fig. 288. 

of that pencil will in such case be the line i o passing through the 
centre o of the reflector, and meeting the surface. 

In the case represented mjig. 287., the axis of the pencil coincides 
with the axis of the reflector; but in the case represented injf^. 288., 
it is inclined to it at the angle boo. A pencil, such as that repre- 
sented in^. 287., is called the principal pencil, and the line IB the 
principal axis. The pencil represented inflg. 288. is called the second- 
ary pencil, and the axis i o a secondary axis. 

It is clear, from mere inspection of the diagram, that the axis of 
the principal pencil is the axis of the reflector. But in the case of the 
secondary pencil, represented in^. 288., the axis i o of the pencil 
is not in the centre of the rays which strike the reflector, being more 
on the side B A than on the side B c. 

The axis of a pencil of parallel rays is defined in the same manner ; 
a principal pencil of parallel rays being one whose direction is parallel 
to, and whose axis coincides with the axis of the reflector, and a 
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seoondary pencil of parallel rays being one whose rays and axis are 
Indined to the axis of the reflector. 

A principal pencil of parallel rays is represented in^^. 289., box 
being its axis ; and a secondary peneil of parallel rays is represented 
in Jig' 290., X o b' being its aids. 





Fig. 289. 



Fig. 290. 



949. Reflection of parallel rays by spherical surfaces. — Let lui 
first consider the case of a principal pencil of parallel rays. 

liet B Y aadryjig. 291., be two rays of the pencil at equal dis< 




Fig. 291. 

tanoes from the axis box. Draw o B and o r. These being radii 
of the reflector, will be perpendicular to its surface; and since the 
angles of reflection are equal to the angles of incidence, the reflected 
rays will proceed in the direction B p, r p making with the lines o B 
and o r angles equal to the angles of incidence o b T and ory. But 
it is evident that since R Y and r y are parallel to b x, the angles o B Y 
and o r y are equal to the angles bop and r o P. From this it fol- 
lows that p B, p o, and P r are equal to each other. 

Since the two sides of a triangle taken together must be greater 
than its base, P B and P o taken together are greater than the radius 
o B of the reflector, and consequently o P must be greater than half 
of o B. K then f be the middle point of o B, the point p will be 
between f and B, and this will be the case at whatever point of the 
reflector the rays b y and r y are incident. 

Now, if two other parallel rays B' y' and r' y' be taken, in like 
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manner equally distant from b x^ but nearer to it tban R T and r jf; 
it can be shown that they will be reflected to a common point in the 
axis B between p and f. In the same manner, if two other parallel 
rays r" t" and r" y"y still equally distant from the axis B x, but nearer 
to it than R' y' and r' y\ be reflected, they will converge to a common 
point, still nearer to the middle point F of the axis o B, but still be- 
tween F and B ; in a word, the nearer such rays are to the axis B x, 
the nearer will be their common point of convergence after reflec- 
tion to the middle point F ; but however near they may be to B x, 
they cannot converge to any point beyond F in the direction of the 
centre o. 

It is evident, therefore, from these results, that parallel rays inci- 
dent upon a spherical surface do not after reflection converge to any 
common point, since each cylindrical surface formed by such rays con- 
verges to a diflerent point upon the axis; nevertheless, it appears, 
that all these points of convergence are included within a small space 
p F upon the axis, provided that the reflector have not great extent ; 
and it is found, that if the reflector do not extend to more than about 
5^ or 6° on each side of its vertex, all the parallel rays reflected from 
it will converge so nearly to the middle point F of the radius o B pass- 
ing through its vertex, that, for practical purposes, the reflector may 
be considered as possessing the properties of a parabola already ex- 
plained, and the reflected rays may be considered as vertically conver- 
gent to a common point. This common point will be F, the middle 
point of the radius B, which forms the axis of the reflector, and 
which is parallel to the incident rays. 

If a secondary pencil of parallel rays be incident on the reflector,* 
as represented in^^. 292., the focus to which its rays will be reflected 
will be the middle point F of the radius o b', which forms the second- 
ary axis. 

All the reasoning which has been applied to the principal pencil, 
fg. 291., will be equally applicable in this case. 





Fig. 293 Fig. 293. 
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If a secondary pencil be inclined to the axis o b^ at an angle greater 
ihan half the opening of the reflector, its axis will not meet the re- 
flecting surface. This case is represented in^^. 293., where the line 
O F B' drawn through the centre parallel to the rays of the pencil pass 
below the limit c of the reflector. In such a case, nevertheless, the 
focus of the reflected rays is determined in the same manner as it 
would be if the reflector extended to b', and, accordingly, the rays re- ^ 
fleeted from A c will converge to a focus at P, the middle point of o b'. " K^ 

950. Principal focus of spherical reflector at the middle point of 
the radius. — If, therefore, any number of pencils of parallel rays, 
principal and secondary, are incident upon the same reflector, theii 
several foci will lie at the middle point of the radii of the reflector 
which coincide respectively with their several axes ; and if an infinite 
number of such pencils fall at the same time on the reflector, their 
foci will form a circular arc a e^fig. 293., whose centre is the centre 
of the reflector o^ and whose radius is o f, one-half the radius of the 
reflector. 

951. Experimental verification. — All these efiects may be experi- 
mentally verified by means of screens, in a manner similar in all 
respects to that which has been already explained in the case of a 
parabolic reflector. Thus it can be shown, that if the opening of a 
reflector be much greater than 20®, parallel rays will not be reflected 
converging to a common point; and, on the other hand, if a luminous 
point be placed at ^,flg. 292., the reflected rays will not be parallel; 
but if the opening do not exceed 20® or thereabouts, parallel rays 
will be sensibly convergent to the point F after reflection, and raya 
diverging from F will be reflected in directions sensibly parallel. 

The focus to which parallel rays converge after reflection is called 
the principal focus of the reflector. 

It follows, therefore, from what has been stated, that the principal 
focus of a spherical reflector is the middle point of that radius which 
is parallel to the incident rays; and the principal foci for secondary 
pencils of parallel rays lie in a spherical surface ac,flg. 293., whose 
centre is the centre of the reflector, and whose radius is half the 
radius of the reflector. 

952. Merration of sphericity. — When the opening of a spherical 
reflector exceeds the limit already stated of about 20®, parallel rays 
falling on that part of its surfiice which is more than 10® from its 
vertex will be reflected sensibly distant from the principal focus, and 
consequently the entire pencil of rays whose base is the reflector wil! 
not have a common point of convergence. Those which are incident 
upon the reflector within a distance of 10® from its vertex will con- 
verge sensibly to the principal focus ; but those beyond that limit will 
converge to points more or less distant from the principal focus, 
according as these points of incidence, more or less, exceed a distancu 
of 10® from the vertex of the reflector. 
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This departare from correct convergence, produced by the too great 
magnitude of the reflecting sorface, is called the aberration of $pheru 
city, or spherical aberration. 

To convey a more exact idea of the form and curvature of a spheri- 
cal reflector which has the effect of effitcing spherical aberration, socii 
a reflector b represented in Jig. 294., where A o is an arc 20^ in 
length, representing the vertical section of 
the reflector, b being its vertex, o its centre^ 
and I* its principal focus. Bays felling on 
A c parallel to o B would be reflected sen«bly 
the point f ; but if the reflector were 
greater in the opening, as, for example, if it 
extended to a' and c, being 20^ on each 
Fig. 294. gi^Q q£ ^jjg vertex B, then tho parallel rays 

incident at its extreme points a' and (f wodd be reflected to /, a 
point between f and B. In such cases, the space /f would be that 
within which all the rays incident between A and a', and between o 
and cff would be collected. This space/ F would then be the ex- 
tremity of the aberration of sphericity due to a reflector 40^ in magni- 
tude. 

The spherical aberration of a secondary pencil will be greater than 
that of a principal pencil ; for in the case of the secondary pencil re- 
presented in^^. 293, the axis of which is in the direction of o b', 
the aberration will be the same as if the opening of the reflector 
were twice the arc A b' ; and in proportion as the angle formed by 
the axis of the secondary pencil o b' with the axis of the reflector 
o B is increased, this cause of aberration will be also increased. Thus 
in the secondary pencil represented in ^g. 293, the aberration would 
be the same as if the opening of the reflector were twice the angle 
ads'. 

In fine, the aberration attending any secondary pencil will always 
be the same as that which would be produced witii a principal pencil 
by a reflector whose opening would be equal to the opening of the 
proposed reflector, added to twice the angle formed by the axis of the 
reflector and the axis of the secondary pencil. Thus, in the case re- 
presented in Jig. 293, the aberration of the secondary pencil is the 
same as would be produced upon a principal pencil by a reflector hav- 
ing an opening equal to twice A b'. ^ 

953. Case of convex rejlectors. — In what precedes, the case of 
concave reflectors only has been contemplated. The same conclu- 
sions, however, will be applicable^ with but little qualification, to the 
case of convex reflectors. 

Let such a reflector be represented by ACjfig. 295, a pencil of 
ravs parallel to the axis B x being incident upon it. The extreme 
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Fig. 295. 



rays r t and r y, equidistant 
from BX, will be reflected 
from a and r, as if they had 
diverged from f, the middle 
point of o B, provided a and 
r be not more distant than 
10^ from B. In the same 
manner, the rays a't' and 
/ y, and also the rays a" t^ 
and f" y, and, in a word, 
all rays between the extreme 
rays and the axis, will be re- 
flected as if they had di- 



verged from F. This point f, being the middle point of the radius 
o B, is therefore, as in the case of the concave reflector, the principal 
focus. 

A difference is presented here in the two cases, which suggests a 
distinction to which we shall often have occasion to recur in other 
instances. In the case of the concave reflector represented in Jig. 
291, the principal focus is a point to which the reflected rays do 
actually converge, and where, as has been shown, the light is con- 
centrated. In the case, however, of the convex reflector represented 
in Jig. 295, the rays diverging from the surface diverge as if they 
had originally been united at F. This point F is, therefore, in such 
case, not a point, as in the case of a concave reflector, where the rays 
do actually coalesce, but a point where they would coalesce if they 
had been continued backwards from the points on the surface of the 
reflector. 

954. Foci real and imaginary. — A focus like the former, where 
the rays do actually converge, is called a real focus, and sometimes a 
physical focus; whereas a focus like the latter, in which the rays do 
not actually converge, but which merely forms the point of - conver- 
gence of their directions, is called an imaginary focus. In the case 
already explained of plane reflectors, the focus of reflection of a di- 
Yergent pencil is an im<^ginary focus ; and, on the other hand, of a 
oonvergent pencil is a re^ or physical focus. 

955. Images formed by concave reJUctors. — If an object be 
placed before a concave reflector at so great a distance from it that all 
pencils' of rays passing from such object would be considered as 
parallel, an image of such object will be formed at the principal 
focus of the reflector) that is to say, midway between its centre and 
its surface. 

Let A G, Jig. 296, be such a reflector, b being its vertex, o its 
centre, and F the principal focus. Let l m be an object, placed at so 
great a distance from the reflector, that the divergence of a pencil of 
rays passing from any point upon it, and having the reflector as their 
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Fig. 296. 

base^ shall he so BmaU that the rays may he considered as practically 
parallel. 

Let i< o 2 he the axis of the secondary pencil passing from l, and 
M O m the axis of the secondary pencil passing from M, 7 and m being 
respectively the middle points of the nidii, and therefore the foci tc 
which the pencils preceding from l* and m respectiyely are collected 
after reflection. ^Images, therefore, of the points Land M respectively 
will be produced at / and m. 

In the same manner, the pencils proceeding from the several points 
marked 1, 2, 8, 4, 5^ &c., will converge, after reflection, to the cor- 
responding points marked 1', 2', 3', 4', 5', &c.y which are the middle 
points of the several radii which are in the direction of the axes of the 
several pencils. At these points, therefore, images will be formed of 
the corresponding points in the object, and the assemblage of these 
images will form a complete image of the object in an inverted posi- 
tion, midway between the centre o and the surface A B o of the re* 
fleeter. 

It is evident that the points forming the image m I will lie in a sphe- 
rical surface, whose centre is a, and whose radius is half the radius 
of the reflector. If, therefore, the object be a straight line, its image 
will be the arc of a circle ; and if the object be a plane surface^ its 
image will be a spherical surface. 

In the case represented in^. 296.^ the central point of the object 
is placed in the direction of the axis of the reflector, and the cental 
point of the image lies consequently also in the axis, and the image 
is at right angles to the axis of the reflector and is bisected by it. 

It will be explained hereafter that the apparent visual magnitude 
of an object is determined by the angle formed by two straight lines 
drawn from the eye to the extremities, of the object. Thus if the eye 
were placed at o, the centre of the reflector, the an^le l o M would 
be the apparent magnitude of the object. The full import and pro- 
priety of this term will be explained more fully hereafter, but for the 
present it will be convenient to use it in the sense just explained. 

It is evident, then, that the apparent magnitude of the object L M, 
as viewed from the centre of the reflector o, is the same as the appa- 
rent magnitude of its image I m viewed firom the same point, since 
the lines drawn from the limits of the object and the iznage intersect 
tiach other at the point o. 
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It is evident also iktit the Itneai 
magnitude of the image will be 
jost so much less than the linear 
magnitude of the object, as one- 
half the radius of the reflector if 
is less than the distance c^ the ob- 
ject from the centre o. 

956. Case in which the ohfect 
t« not placed on the axis of the re» 
fitctof, — The case in which the 
axis of the reflector is not directed 
„ to the centre of the object is repre- 

Fig.297. sented in jt^. 297. 

In this case the image of the object l m is produced at I m, be- 
tween the axes of the secondary pencils, proceeding from the extre- 
mities of the object L M, and at the middle points of the radii which 
coincide with the axes. 

In the case of a convex reflector, let L M, Jf^. 298., be the object, 
placed, as before, at such a distance that each pencil of rays proceed- 





Fig. 298. 

ing from a point in the object to the reflector may be considered as 
parallel. Let L o and mo be the axes of the pencils proceeding frtnn 
the extreme points of the object. After reflection, the rays of these 
pencils will diverge as if they had proceeded from the points /, m re- 
spectively, which are the middle points of the radius of the reflector; 
and therefore, if such rajrs were received by the eye of an observer, 
they would produce the same eflect on vision as if they had proceeded 
from the points /, m, and consequently the points L M of the object 
would appear as if they were placed at J, m. In the same manner, it 
may be shown that the intermediate points 1, 2, 3, 4, 5 of the object 
will appear as if they were at the intermediate points 1, 2, 3, 4, 5 of 
the radii, which are in the direction of their respective pencils. Thus an 
eye directed to the reflector, receiving the rays of the reflected pencils, 
will see the object as if it were on a spherical surface, of which the 
centre is O, and of which the radius is one-half the radius of thd 
reflector. 

The image 2 m in this case, though not formed by the real intenMH^ 
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tion of the rays of light, is not the less present to vision. The eye 
receives the rays exactly as it would receive them if they had actually 
diverged from the points I, 1, 2, 3, 4, 5, m, and consequently the 
e£fect on vision is the same as if a real image of the object were pkoed 
»tZ«. 

It is evident from the figure, that in this case the image is erect^ 
and not inverted, as in the case of the concave reflector. 

All that is said, however, of the relative magnitudes of the image 
and object in the case of the concave reflector, will be equally appli- 
cable here. Thus, to an eye placed at o, the apparent magnitude of 
the object L m, and of its image I m, will be the same ; and the real 
linear magnitude of the image will be just so much less than that of 
the object, as one-half the nidius of the reflector is less than the dis- 
tance of the object. 

957. Experimental verification of these principles. — The pheno- 
mena which have been just explained in the case of the reflection of 
very distant objects produced by concave and convex reflectors, may 
easUy be verified experimentally. 

J£ a concave reflector be directed towards the sun or moon, an 
image of either of those objects will be found at its priDcipal focus, 
and such image may be rendered apparent by holding at its principal 
focus, and at right angles to the radius directed to the object, a small 
semi-transparent screen, which may be formed of ground glass or 
oiled paper. 

A small image will be seen upon the screen, the diameter of which 
will bear the same proportion to the real diameter of the sun or moon, 
as half the radius of the reflector bears to the distance of one or other 
of these objects. 

The efiects of a convex reflector can be still more easily made mani- 
fest. When a convex reflector is presented to any distant objects, 
their images will be seen in it, and will appear as if they were behind 
the reflector. 

They will be less in magnitude than the objects in the proportion 
in which half the radius of the reflector is less than the distance of 
the objects, and they will appear as if they were painted on a spheri- 
cal surface, having its centre at the centre of the reflector, and having 
half the reflector for its radius. 

958. Geometrical principles on which the explanation of the pheno- 
mena depends. — Before proceeding to explain the eflects produced by 
spherical reflectors on diverging and converging pencils, it will be 
convenient here briefly to state some principles derived from geome- 
try, to which it will be necessary frequently to recur in explanation 
of the efiects produced on pencils of rays by spherical surfaces on 
which they are incident, whether these surfaces belong to opaque 
liodies or transparent media. 

The magnitude of angles is easily explained by stating the degrees 
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and parts of degrees of which thej consist. It may also be ofieii 
more conveniently expressed by stating the ratio which the arc which 
bounds them bears to the radius. Thus an angle B A c, J%. 299., 
will be perfectly defined if the ratio which the arc b o bears to its 
radius A B be stated. Any other angle, such as ^ a c, the arc of which 
b c bears the same ratio to the radius b a, will necessarily have the 
same magnitude. This principle may be rendered still dearer, if, 
with A as a centre, several arcs, such as b' 0^, b'' (/', ^" (f', &c, be 
drawn subtending some angle A. It is demonstrated in eeometry, 
and made evident from the figure, that the arcs b' (/, b" (T, b"' o"', 
bear respectively the same ratio to their radii A b', A b'', a isf", as the 
arc b C bears to its radius A B. 

On this principle, the magnitude of an angle may with great 
convenience be expressed by a fraction, whose numerator is its arc, 
and whose denominator is its radius. Thus the angle A, Jig. 299., 

,, BO b'o' b"c'' 
may be expressed by—, or -^, or ^-^^ *®- 

If the angles be very small, perpendiculars drawn from the extre- 
mity of either side, including them upon the other, may be considered 




as equal to the arc. Thus, in Jig, 299., the perpendiculars B m and 
o m' may be regarded as equal to the arc B o, provided the angle A 
do not exceed a few degrees. 

In the case of such angles, therefore, their magnitude may be easily 
expressed by a fraction whose numerator is thd perpendicular, and 
whose denominator is the radius. 

Thus the angle A, being small, will be expressed by — or by 

*^ — .» B A 

m 

BEI-LECnON OF DIVEEGBNT AND CONVERGENT BAYS BT SPHSBI- 
OAL SURFACES. 

959. Concane reflectors. — Let i^fg. 300., be the focus of a diverg. 
ing pencil of rays, incident upon a concave reflector ABC, the point 

1 being supposed to be upon the axis of the reflector. Draw I A 
and I c, representing the extreme rays of the pencil. Draw o A and 
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o c, tbe radii^ to i;he points 
of iDcidence. The angles 
o A I and 1 will then 
be the angles of incidence ; 
and these will evidently be 
equal, because the three 
sides of the two triangles 
are respectively equal. 
Fig. 900. To find the direction of 

the respective rays, it would 

be only necessary to draw from A and o lines which make with a o 

and o angles equal to the angles of incidence. 

Let these lines be a R and o R. The two rays I A and i o will 

therefore be reflected converging, and will meet at b. 

By the principles of geometry,* the angle o A a of reflection is 

equal to the difference between the andes abb and A o B, and the 

angle o A I of incidence is equal to the difference between the angles 

A o B and A I B. 

Now, let /express the distance IB of the focus of incident rays 

from the vertex, and f* the distance R B of the focus of reflected rays 

from the same point, and let r express the radius o B of the surface. 

We tfhall then have, according to what has been explained, — 

AB AB 

AB AB 

.OAa = -^--. 
But since the two angles are equal, we shall have 

AB AB_AB AB 

Omitting the common numerator A B, we shall then have 
1_1_1_1 

and consequently we shall have 

112,. 

7+y7=-..(A). 

The same formula is applicable to rays incident at every point be- 
tween A or G and the vertex B ; so that rays reflected from all such 
points will converge to a common point on the axis, whoso distance 
from B will be determined by the value of/', found by the preceding 
formula. 

* Euclid, Book 1. Prop. 32. 
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The formula (a) is of the utmost importance, and may be both 
understood and remembered with the greatest facility. 

It may be expressed in common language as follows : — 

If the fractions, whose numerator is 1, and whose denominators 
are the numbers expressing the distances of the foci of incident and 
reflected rays from the vertex, be added together, their sum will be 
equal to a fraotion, whose numerator is 2, and whose denominator is 
the radius of the reflecting surface. 

960. Rule to determine the corrugate foci in concave spherical 
reflectors. — By this formula (a) the position of the focus of reflected 
rays can always be found when that of the incident rays is known. 
We have only to subtract the fraction whose numerator is 1, and 
whose denominator is the distance of the focus of incident rays from 

the vertex, that is to say, the fraction 7 from the fraction whose nu- 
merator is 2, and whose denonunator is the radius, and the remainder 
will be equal to a fraction whose numerator is 1, and whose denomi- 
nator is the distance of the focus of reflected rays from the vertex. 
It is evident that by a like process the focus of incident rays can be 
found whenever the focus of reflected rays is known. 

Since the two fractions 7 and 3 added together always produce the 

same sum, it follows that whatever circumstances increase one must 
diminish the other ; and hence it follows that the more distant the 
focus of incident rays I is from the reflector, the nearer the focus of 
reflected rays R will be to it, and vice versd ; because as i B increases, 
B B must diminish, and vice versd, as has been just explained. 

If the focus I were removed to an infinite distance, then the frac- 
tion J, would be infinitely small, and consequently the other fraction 7^ 

2 
would be equal to -, and consequently/' would be equal to }r; that 

is to say, the focus of reflected rays would then be coincident with the 
principal focus, which is only what might have been anticipated, be- 
cause if the focus of incident rays I be removed to an infinite distance, 
the pencil of incident rays having the reflector for its base must be 
parallel. , 

But in order to produce this effect, it is not necessary that the focus 
of the pencil of incident rays should be either infinitely or even very 
considerably distant. Let us suppose that the distance i b, which is 
here expressed hjf, is only one hundred times the length of the 
radius of the reflector, and let half the radius, or the distance of the 
principal focus from the vertex, be expressed by f. Then we shaU 
have' 

/=200p. 
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OoDBeqaentlj we shall have 
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that is to say, the distance of the focus of reflected rays from the yer- 
tex will exceed the distance of the principal focus by the 199th part 
of half the radios, or nearly the 400th part of the radius of the re- 
flector, an insignificant quantity. 

It follows, therefore, that whenever the distance of an object from 
the reflector is not less than 100 times its radius, all pencils proceed- 
ing from it may be regarded as parallel, and therefore as coincident 
with the principal focus of the reflector. 

It follows also from the preceding formula, that when the focus of 
incident rays is beyond the centre, the conjugate focus of reflected 
rays will be between the centre and the principal focus; and that 
when the focus of incident rays is between the centre and the princi- 
pal focus, the conjugate focus of reflected rays will be beyond the 
centre. 

In the preceding cases, we have supposed the focus of incident rays 
to be situate at some point beyond the principal focus of the reflector. 

Let us now consider the case in which the focus of incident rays r, 
fig. 301.; is placed between the principal focus r and the vertex. 




Fig. 301. 

Let I A and i o, as before, be the two extreme rays of the pencil, 
and draw the radii A o and c o. To find the direction of the reflected 
rays, it is only necessary to draw from A and c two lines, which shall 
inal^ with o A and c angles equal to those which A I and G I make 
with them. Let this direction be A X and c x'. It follows, therefore, 
that in this case the reflected rays will diverge instead of converging, 
as in the former case, and that their point of divergence will be at b, 
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apon ihe axis behind the reflector; oonseqoenilj the focus will be an 
imaginary focus. 

Bj geometrical principles already referred to/ the angle of in- 
cidence I A o is equal to the difference between the angles A i b and 
A o By and the angle of reflection x A o is equal to the sum of the 
angles A r b and A o b ; and since the angles formed by o A, I A, and 
B A with the axis o R are so small as to come within the scope of the 
principles already expressed^ we shall have 

AB AB 

/ r 

AB . AB 
XAO=^ + — , 

where /and/' express, as in the former case, the distances €i the 
foci of incidence and reflection respectively firom the vertex b. 
We shall therefore have 

AB ab__ab AB 

and omitting the common namerator a b, we shall have 
112 , . 

a formula which is identical with formula (a), p. 48., only that 

-27 in it is negative, which indicates that the focus of reflected rays is 

ima^nary and behind the reflector. 

In the formula (b) it is not the sum of the two fractions 

11 2 

-p and 7, but their difference, which is equal to -. 

Analogous results, however, follow from this formula, which may 
be expressed in common language as follows : — 

When the focus of rays incident upon a concave reflector is placed 
^ between its principal focus and the vertex, the difference between the 
fraction whoft numerator is 1 and whose denominator is the distance 
of the focus of incident rays from the vertex, and the fraction whose 
numerator is 1 and whose denominator is the distance of the focus of 
reflected rays from the vertex, will be equal to the fraction whose nume* 
rator is 2 and whose denominator is the radius of the reflecting surface. " 

Since the difference between these two fractions is always me same, 
however they may separately vary, it follows, that when one increases, 
the other must increase to the same extent. Hence it follows, that 
faadf increase and diminish together; and therefore it also follows, 
that as the focus of incident rays I approaches the vertex b, the focus 

• Euclid, Book 1. Prop. 32. . 
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ef reflected rajs a must aho approach it ; and as the focus of incident 
rays I recedes firom the vertex, the focus of reflected rays R must also 
recede from it. 

When the focus of incident rays i arrives at the principal focus r, 
the focus of reflected rays R recedes to an infinite distance. 

961. Case of converging incident rays, — If rays fiill on the reflec- 
tor converging to a point r behind it, they will be reflected converg- 
ing to the point I. In this case, the focus of incident rays being 
behind the reflector will be imaginary, and the focus of reflected rays 
being before it will be reaL The relative positions of the two foci, 
however, will be determined in the same manner exactly as if i were 
the focus of incidence, and R the focus of reflection. It may be use- 
ful to observe in general, that the conjugate foci are in all cases inter- 



If the focus of incidence become the focus of reflection, die fociu 
of reflection will become the focus of incidence, and vice versd, 

962. Convex reflectors, — The eficcts attending diverging or con- 
verging rays incident upon convex reflectors, are in all respects analo- 
gous to those which have been just established respecting concave 
reflectors. 

It is only necessary to observe, that converging rays upon a convex 
reflector are analogous to diverging rays upon a concave reflector; and 
diverging rays upon a convex reflector are analogous to converging 
rays upon a concave reflector. 

Thus, if A o,flg. 300., instead of representing a concave, rcfM^sent 
a convex reflector, and a pencil of rays be fiupposed to be incident 
upon it, which if not intercepted would converge upon the point i, 
those rays after reflection will diverge from the point R. The conju- 
gate foci will be in this case precisely similar, and determined by simi- 
lar conditions as in the former case, except that the incident rays are 
convergent, while the reflected rays are divergent, the contrary being 
the case in a concave reflector. 

In like manner, if tiie reflector A c,/ig. 301., be a convex instead 
of a concave reflector, a pencil of rays mcident upon it.» which if not 
intercepted would converge to i, will be reflected conver^ng to r. In 
this case, the focus of incident rays will be imaginary, and the focus 
of reflected rays real, contrary to what was shown for a concave reflec- 
tor; but the relative position of tiie two foci will be determined as 
before. 

Images of near objects formed hy spherical reflectors, — ^The man- 
ner has been explained in which images are formed by spherical re- 
flectors of objects whose distance is so great that the pencils of rays 
proceeding from tiiem may be considered as consisting of parallel 
rays. It is in this and like cases important, that the student should 
not confound tiie directions of tiie pencils themselves with the direc- 
tions of the rays whidi form them. Thus, the pencils of rays pro- 
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oeeding from points upon the surface of the snn or moon are pencils 
of parallel rajs, because the distance of the foci of such pencils from 
the observer is incomparably great compared with any surface which 
can form the base of the pencil. Thus, the surface of the largest 
reflector is as nothing compared with the distance of any point in the 
sun ; and consequently, the rays which form a pencil, whose vertex is 
a point in the sun, and whose base is the surface of such a reflector, 
may be practically considered as parallel ; but this parallelism must 
not be applied to the direction of the pencils themselves which pro- 
ceed from diflerent points in the sun. The directions of these pen- 
cils, or, to speak strictly, those of their respective axes, are not 
parallel, the axes of the extreme pencils forming an angle with each 
other equal to the apparent diameter of the sun ; and the same ob- 
servations would be applicable to any other object whose distance is 
80 great that a pencil of rays proceeding from it may be regarded as 
parallel. 

These observations being premised, we shall now explain the man- 
ner in which images are formed by spherical reflectors of objects 
which are not so distant that the rays of the pencils proceeding from 
points in them can be regarded as parallel. 

Let A B Gjjig. 302., bo a concave reflector, whose centre is o, and 
whose vertex is B. Let L M be an object, whose foiin we shall for 




Fig. 302. 

the present assume to be that of an arc of a circle whose centre is o. 
Let L l! and m m' be the axes of the extreme secondary pencils pro- 
ceeding from this object, and let I and m be the foci of reflection con« 
jugate to the points L and M. An image of the point L will be 
tbrmed at 7, and an image of the point m will be formed at m, and 
images of all the intermediate points between L and M will be form- 
ed at intermediate points of an arc drawn from Z to m, having o as a 
centre. 

Since the lowest point of the image corresponds to. the highest 
point of the object, and vice verad, the image will in this case be in- 
verted with respect to the object, and the linear magnitude of the 
image will bear to that of the object the same proportion as / bears 
to OL. 

These results follow in the same manner as in the case of the 
images of distant objects already explained. 
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The distance o 7 is detennined when o L is known hy the formnhe 
(a) and (b), p. 48. and p. 51. } that is to say, the position and magni- 
tude of the image will he detennined when the position and magnitude 
of the ohject are known. 

In this case, the ohject L M has been supposed to have the form of 
a circular arc, and its image to have a similar form. If the object 
form part of a spherical surface whose centre is o, the image would 
have a like form ; but if the object were a straight line or flat sur- 
face, then the image would be more or less curved, and would conse- 
quently be distorted. But as, in general, the angle o, under which 
the object or image would be seen from the centre, is small, this 
curvature may be disregarded, and we may assume that the image 
will be similar to the object. 

963. Spherical aberration of reflectors. — The pencils of rays 
proceeding from or to the incident focus will be reflected to a common 
point, only on the condition that the opening of the reflector is 
limited, as was explained in the case of parallel rays. If it be not 
so limited, then the extreme rays of the pencil will converge to points 
sensibly diflerent from those which are within such limit of distance 
of the vertex already defined, and hence will arise a spherical aber- 
ration. 

If even the reflector be sufficiently limited in its opening, a sensible 
.spherical aberration will arise from the secondary pencils which pro- 
ceed from the borders of the object, and are inclined &t the greatest 
angles to the axis of the reflector, for in this case the angle of di- 
vergence of such pencils will, as has been already explained, exceed 
that limit which would eflace the spherical aberration. Hence it 
arises that images produced by spherical reflectors when the objects 
are too great, are indistinct towaitis the borders, the pencils which 
form each part of the image not being brought to the same focus, and 
consequently producing a confused eflect. 

964. Case in which the object is plcu^ed between the principal 
focus and the reflector, — In what precedes, the position of the object 

before a concave reflector 
has been considered as be- 
ing either beyond the cen- 
tre or between the centre 
and the principal focus f. 
Let us now consider the 
position of the object to be 
-P' 3Q3 at L M, fg. 303., between 

the principal focus F and 
the reflector. In this case the image I m will he behind the reflector 
at the points which form the foci conjugate to the several points of 
the object L M. 
The image will in this case evidently be erect with respect to the 
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object^ and will be greater in magnitade than the object in the pro- 
portion of o Z to o L. 

If the reflector be convex, the object l m, jig, 304., will have its 
image at the points /, m, which are the foci conjugate to the points at 
li M, and those points will, according to what has been already ex- 
plained, lie between the reflector and the principal focus F. 




Fig. 304. 

The rays proceeding from the several points of the object L M will, 
after reflection, diverge as if they had proceeded from the correspond* 
ing points of I m, and will produce upon the vision the same effects as 
if an object had been actually placed at I m. 

The image in this case, therefore, will be erect, and it will be less 
than the object in the proportion of o / to o L. In this manner is 
explained the effect familiar to every one, that convex reflectors ex- 
hibit a diminished picture of the object placed before them. 

All the preceding observations on the effect of spherical aberrationi 
and the indistinctness incident to the borders of the image, will be 
equally applicable in the present case. 

965. Case in which the object is not placed in the axis of the re- 
Jlector. — In the preceding example, the object has been supposed to 
be placed so that its centre coincides with the axis oi the reflector. 
The image, however, is determined on like principles, whatever other 
position it may have. 

Thus, let L M, ^. 305., be the object, A b o being the reflector, 

o its centre, and F its principal 
focus. From the extremities of 
the object draw lines L o and M o 
through the centre o of the re- 
flector to meet the continuation 
of the section of the reflector at 
V and Q. Let I be the focus con- 
jugate to L, and m the focus con- 
jugate to M, determined accord- 
ing to the principles and formu* 
lad already established. Images, 
therefore, of the points L and M 
will be formed at I m, ana images 
of all the intermediate points of 
the object will in like manner be formed between / and m, so that an 
inverted image of the object will be formed at / m, 525 
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In like manner, if the object be placed at / m, its image will be 
formed at l m. 

966. Experimenial verificaiions, — All the preceding results may 
be verified experimentally by means analogous to those already ex- 
plained. Thus, if the flame of a candle be placed at l m, Jig, 302., 
outside the centre of a concave reflector, and a small semi-transparent 
screen, such as a piece of ground glass or oiled paper, be held at / m, 
an inverted image of the candle will be seen upon it ; and, on the 
other hand, if the candle be placed at / m, and the screen held at L m, 
the image will be again seen. If any object, such as one's hand, be 
presented between the principal focus F and a concave reflector, as at 
L M, jig. 303., a magnified image of the hand will be seen at Z m. 

Amusing optical deceptions are often exhibited with concave reflec- 
tors founded on this principle. Thus, a hand presenting a dagger is 
held between o and Vjjig. 302., when immediately a magnified image 
of the hand and dagger is presented outwards at L M. 

If a candle be held at L m,^^. 305., opposite the upper edge of a 
concave reflector, an inverted image of the candle may be exhibited on 
a screen at /m, opposite the lower edge. 

967. Cylindrical and conical reflectors, — A cylindrical surfiEice 
is circular in one direction, and rectilinear in the other, these direc- 
tions being at right angles to each other. A sheet of paper, or a 
plate of metal bent into the form of a circle, will be a cylindrical surface. 

It may be polished either on the concave or convex side, thus pre- 
senting the varieties of a concave or convex cylindrical reflector. 

If a cylindrical reflector be placed vertically before an object, its 
efiects upon the vertical dimensions will be the same as those of a 
plane reflector, and its efiects upon the horizontal dimensions the 
same as those of a spherical reflector. An image, therefore, will be 
presented, which will be identical in form with the object in all its 
vertical dimensions, but enlarged, diminished, or reversed in its hori- 
zontal dimensions in the same manner as it would be in a spherical 
reflector. 

If a cylindrical reflector be placed with its axis horizontal before a 
vertical object, it will have the same eflect as a plane reflector on the 
horizontal dimensions, and as a spherical reflector on the vertical di- 
mensions. 

The horizontal dimensions, therefore, will be preserved in the 
image, while the vertical dimensions will be enlarged, diminished, or 
reversed, in the same manner as would be the case with a spherical 
reflector. 

A conical reflector, whether concave or convex, is circular in all 
sections made at right angles to its axis, and rectilinear in all sections 
made by planes through its axis. It will therefore, if placed with its 
axis vertical, have the eflect of an inclined plane reflector on the 
?ertical dimensions of an object, and will have the eflect of a spheri- 
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obI reflector on the horizontal dimensions ; bat each horizontal section 
will be differently magnified or diminished, according to the position 
of such section with reference to the axis of the cone, since the cir- 
cular section of the cone will diminish in approaching the axis, and 
increase in receding from it. An infinite variety of amusing deoep* 
tions are thus produced. 
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CHAP. VI. 

REFLECTION FROM IMPERFECTLY POLISHED SURFACES. 

968. •^ perfectly reflecting surface would be invisible, — If the 
surface of an opaque body were perfectly polished, and capable of 
reflecting regularly all the light incident upon it^ such surface would 
itself be invisible. 

The images of all objects placed before it would appear in the posi- 
tion and with the form and magnitude determined in the last chapter ; 
and an observer receiving the reflected light would perceive nothing 
but such images. 

Thus, a plane reflector of that kind placed vertically against the 
wall of a room, would appear to the eye merely as an opening leading 
into another room, precisely similar and similarly furnished and 
illuminated ; and an observer would only be prevented from attempt- 
ing to walk through such an opening by encountering his own image 
as he would approach it. 

969. JVb such surfaces exist, — But such a reflector as this has 
no practical existence, for there is no surface natural or artificial 
possessing the power of reflecting all the light incident upon it regu- 
larly. The absence of complete polish is one of the principal causes 
of tibis. 

970. How the surfaces of reflectors are rendered visible, — The 
consequence is, that even the most polished surfaces reflect a certain 
portion of the light incident upon them irregularly ; that is to say, 
the material points, the assemblage of which forms such surfaces, 
becoming separately illuminated form so many radiant points, from 
which pencils of light diverge, and render such surfaces visible exact- 
ly in the same manner, though much more faintly than is the case 
with unpolished surfaces. The quantity of light which is thus irregu 
lajfly reflected, and which therefore renders the reflecting surface 
itself more or less visible, diminishes in the same proportion as the 
perfection of the polish of the surface increases. 

The most perfectly polished surfaces, which serve as reflectors^ are 
certain alloys of metal known as speculum metal. These are used 
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generally for the metallic specula of telescopes, microscopes, and other 
optical instruments. 

971. How light incident on any opaque surface is disposed of. — 
When light falls therefore on any imperfectly polished and opaque 
surface, it is disposed of in three ways. 1®. A part is regularly re- 
flected, and forms the optical image of the object from which it pro* 
ceeds. 2°. A part is irregularly reflected, and renders the surface of the 
reflector perceivable. 3°. A part is absorbed by the surface, and, con- 
sequently, not reflected. The smaller the proportion of the light subject 
to the two last-mentioned effects, the more perfect will be the reflector. 

The quantity of light regularly reflected by a given surface also 
varies with the angle of incidence. When the angle of incidence is 
nothing, and consequently the light falls perpendicularly on such a 
surface, a less proportion of it is regularly reflected, and a greater pro- 
portion irregularly reflected and absorbed, than when the angle of 
incidence has some magnitude : and, consequently, the light falls 
more or less obliquely ; and in general, as the an^le of incidence in- 
creases, the quantity of light reflected regularly is augmented, and, 
consequently, the quantities reflected irregularly and absorbed are 
diminished. 

The following is given by Bouguer as the proportion of the light 
regularly reflected from different reflecting surfaces, at different angles 
of incidence : — 



972. Table showing the proportion of light incident on reflecting 
furfaces which are regularly reflected at different angles of inci- 
dence. 



Sjrades of reflecting Surface. 


Angle of Ind- 
denoe. 


Number of 

Kays 
incident. 


No. of R«y8 
reflected. 


No. of Bays 
irregularly re- 
absorbed. 


Water 


r 89030^ 

7500^ 
" 60*> 
, -30O to 0« 
f 860 
76° 
' 60° 
, 30<»to0«» 

r 80° 45/ 

750 

, 30*> to 0«> 

' Great 2 

angles. <; 

' Small 1 

. angles. \ 


1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 

1000 
1000 


721 

211 

66 

18 

643 

800 

112 

26 

600 

166 

61 

23 

700 
600 


279 
789 
986 
982 
467 
700 
888 
976 
400 
844 
949 
977 

800 
400 


Glass 


Black marble polished 

Metallic reflectors... .ttrt... 
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In the preceding table, the light is anderstood to pass from air to 
the several media indicated in the first oolamn. The law by which 
the quantity of light regularly reflected varies according to the density 
or other physical qualities of the media, has not b^n ascertained. 

It is however certain, that it depends upon the qualities of the 
medium from which the light passes, as well as those of the medium 
into which it passes. 

973. Effect of angle of incidence on the quantity of light regu 
larly reflected, — The angle of incidence has often so much effeo 
upon the quantity of light regularly reflected, that it will sometimes 
happen that a sur&oe which reflects no light regularly when the 
angle of incidence is nothing, reflects a considerable quantity when 
such angle has much magnitude. Thus, a sur&ce of unpolished glass 
produces no image of an object by reflection when the rays &11 on it 
nearly perpendicularly; but if the fliame of a candle be held in such 
a position that the rays fall upon the surface at a very small angle, a 
distinct image of it wUl be seen. Similar phenomena will be observed 
with surfaces of wood, of common woven stufi^ and of paper blackened 
by smoke. 

974. How light incident on the surface of a transparent body is 
disposed of — When light is incident upon the surface of a transpa- 
rent body, such as glass or water, it is disposed of as follows : — P. 
A part is regularly reflected, and produces an optical image of the 
.object from which the light proceeds. 2^. A part is irregularly re- 
flected, and renders the surface visible. 3^. A part is absorbed, and, 
consequently, neither reflected nor transmitted. 4?, A part is trans- 
mitted through the transparent medium. 

K light be incident upon the sur&ce of a transparent medium 
bounded by parallel surfaces, such as a flat plate of glass, all the cir- 
cumstances above mentioned will take place both at its entrance at the 
one surface and its escape from the other. Light will be reflected 
regularly a.nd irregularly at both surfaces; light will be absorbed at 
both, and light will be transmitted from both. The quantity of light^ 
therefore, transmitted in such a case from the second surface will be 
less than the quantity of light incident upon the first surface by the 
sum of all the light reguWly and irregularly reflected from the first 
Bur&ce, md all the light regularly and irregularly reflected from the 
second surface, and all the light absorbed at both surfaces in its transit 
through the medium. 

975. How light is affected in passing through the atmosphere, -- 
Even when the transparent medium consists of the same substances, 
these effects take place if the substance composing it varies in density. 
The successive strata of the atmosphere present an exampie of this. 

It has been already explained that in ascending in the atmosphere 
the succeeding strata of air gradually diminish in density. The light^ 
therefore, of the sun and other celestial bodies in passiug through the 
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atmosphere is transmitted through a succession of strata of increasinff 
density, and is subject consequently to all the effects just explained. 
Light is gradually absorbed and reflected by the successive strata of 
air through which it passes, and consequently the direct solar light 
which arrives at the surface of the earth is less in quantity consider- 
ably than the light originally incident upon the superior surface of the 
atmosphere. A portion, however, of the light ilregularly reflected 
from the successive strata of the atmosphere arrives at the earth from 
these strata, as has been already explained, in the same manner as 
light is received from the surface of any opaque illuminated body. 
A portion, however, of the light which enters the air is absolutely 
absorbed by it, and, as has been already stated, a certain depth might 
be assigned to the atmosphere, which would completely intercept the 
solar light. It is calculated that seven feet thickness of water is suf. 
ficient to intercept one-half of the light transmitted through it. 

976. Blackened glass reflectors, — A reflecting surface convenient 
for certain optical purposes is produced by blackening one side of a 
plate of glass. By this means the light transmitted through the 
plate is absorbed by the blackened surface on the other side, and light 
is prevented from being transmitted from the opposite side by the 
opaque coating ; consequently, the only light regularly reflected in this 
case will be that which is reflected from the superior surface. 

977. Effect of a common looking-glass explained. — The effects 
of a common looking-glass are produced by the reflection of the me- 
tallic surface attached to the back of the glass, and not by the glass 
itself The effect may be explained as follows : — A portion of the 
light incident upon the anterior surface is regularly reflected, and an- 
other portion irregularly. The former produces an image of the ob- 
ject placed before the glass visible in it ; the other renders the surface 
of the glass itself visible. Another and much greater portion, how- 
ever, of the light incident upon the anterior surface penetrates the 
plate, and arrives at the posterior surface. This surfjEice, coated with 
an amalgam produced by the combination of tinfoil and quicksilver, 
has an intense metallic lustre^ and possesses therefore strong reflecting 
power. The chief part of the light, therefore, which passes through 
the plate of glass is regularly reflected by this metallic surface, and 
returning to Uie eye, produces a strong image of the objects placed 
before the glass. There are, therefore, strictly speaking, two such 
images formed : first, a faint one by the light reflected regularly from 
the anterior surface ; and, secondly, a vivid one by the light reflected 
regularly from the metallic surface. One of these images will be be- 
fore the other, at a distance equal to twice the thickness of the glass. 

In good mirrors which are well silvered, the superior brilliancy of 
the image produced by the metallic surface will render the faint image 
produced by the anterior surface of the glass invisible ; but in glasses 
badly silvered; the two images may be easily seen. 
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CHAP. vn. 

RXFllACTION or LIGHT. 

978. Befrm€tiam4fUgkiejrpJaiaed,—ynieahnj(dV^ 
passiDg throng a transpuent medium^ enters another of a different 
denaity, or poBsesang other phjacal properties^ it will change its di- 
reetion at the point which separates the two media, and consequently 
the direction it follows in the second medinm will form a certain angle 
with that which it has followed in the first mediom. The ray is 
as it were broken at the common sor&ce of the two media, which has 
caused this phenomenon to be called refraeiunL 
Let A B, Jig. 306.y be the surfooe which separates the two media. 

Let I be the point at which a ray 
SI is incident, and let IB be the 
coarse which this ray takes after en* 
tering the second medium. Let 
N I N' be a perpendicular to the sur- 

1 fiux AB, drawn through the point 

of incidence i. ab is called the 
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refracting surface, EIN is called 
the angle of incidence, and B I n' is 
called the angle of refracUan. 
979. Law of refraction. — The 
Fig. 306. following law of refraction has been 

established by experiment : — 
L The angles of refraction* and incidence arc in the same plane 
perpendicular to the refracting surface. 

IL The sine of the angle of incidence has to the sine of the angle 
of refraction always the same ratio for the same medium. 

It will appear hereafter that, under certain circumstances, a single 
ray of light entering a refracting medium will be divided into several, 
which follow different directions ; but for the present we shall limit 
our observations to such light only as after refraction follows a single 
direction. To such light £e above law is strictly applicable. 

To explain the preceding law more fully, and to indicate the man- 
ner of verifying it by experiment, let A M B be a piece of glass, hav- 
ing the form of a semi-cylinder, as represented in fg. 307. Let 
be the centre, and A B the diameter of the semi-cylinder. Let the 
semicircle A o b be imagined to be drawn on a vertical card, so as 
to complete the circle. Let o M be the diameter perpendicular to 
A B, and let the surface A B be covered with an opaque card, with a 
small hole to admit light at o. 

If the flame of a candle, or any other bright object, be held at o, 
it will be visible to an eye placed at m. It follows, therefore, that a 
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ray of light striking the refracting surface in a direction perpendicular 
to it, such as o c, will suffer no change of direction after it enters it, 
but will proceed in the same straight line c M as it would have done 
if it had passed through no refracting medium. Let the luminous 
point be now transferred to f, and let the line i N be drawn perpen- 
dicular to c o. This line i N is the sine of the angle of incidence 
ICO. Let the eye be now moved along the arc M a from M towards 
A, until it see the luminous point i. 

Let B be the place at which the luminous point thus becomes 
visible, c R will then be the direction of the refracted ray. Draw 
B P perpendicular to c M. This line B P will be the sine of the angle 
of refraction B c M. 

Now if I N and b p be respectively measured, it will be found that 
It p is exactly two-thirds of i N. Therefore, in this case, the sine of 
the angle of incidence will be to the sine of the angle of refraction as 
3 to 2, that is to say, we shall have 

IN_3 
BP""2* 

Let the luminous point be now moved to i', and let the eye be 
moved towards A until it see it. Let B' be the point at which it be- 
comes visible ; B' will then be the Refracted ray, i' o being the in- 
cident ray. 

Draw I' n' perpendicular to o o, and b' p' perpendicular to C M ; 
I n' will then be the sine of the angle of incidence, and b' p' will be 
the sine of the angle of refraction. If these two lines be respectively 
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measured, it will be found that b' p' will be two-thirds of i' n'; so 
that we shall have^ as before^ 

l^N^_3 

R'p'""2' 

In the same manner, if the luminous point be moved to any other 
point, such as l", and the eye be moved towards A until it see it, the 
lines i" c and o r'' will be the incident and refracted rays, l" n" and 
ji" p" will be sines of the angles of incidence and refraction respective- 
ly ; and we shall find; as before^ by measurement^ that 

f' N'^ _ 3 
B"p"'~2* 

Thus, in general, in whatever manner the position of the luminous 
point may be viewed, it will always be found that the sine of the 
angle of incidence will be to the sine of the angle of refraction as 8 
to 2, that is to say, in one constant ratio. 

In this case, the incident ray is supposed to pass through air, and 
the refracted ray through glass. If the semi-cylinder a M b, instead 
of glass, be water, then the ratio of the «|ine of the angle of incidence 
to the sine of the angle of refraction will be 4 to 8, so that we shall 
have 



IN 


4 
= 3' 


I'N' 


4 
= 3' 


i"n" 

K"P" 


4 
-3' 



and so on. 

Thus each transparent medium has its own particular refracting 
power, but for the same transparent medium the ratio of the sines of 
the angles of incidence and refraction is always the same. 

980. Index of refraction, — The number which thus expresses 
the ratio of the sine of the angle of incidence to the sine of the angle 
of refraction, and which in the case of air and glass is } or 1*5, and 
in the case of air and water is | or 1'383, is called the index of 
refraction. 

From what has been stated, it is evident that each transparent 
medium will have its own index of refraction, which constitutes one 
of its most important physical properties. 

981. Case of light passing from denser into rarer medium, — 
If the luminous point, instead of being moved along the arc B, oe 
moved along the arc M A, and the eye be transferred to the are 
o B, then the incident ray will pass through the denser medium, and 
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the tefracted thj tbrongh the rarer meditim. In this case it will bo 
found that the direction of the incident and refracted rays^ described 
in the former case, will be interchanged. Thus, if the luminoiui 
point be applied at m, it will be visible at o, showing that a ray of 
light incident perpendicularly on the surface of a rarer medium, will 
suffer no change in its direction. If the luminous point be placed at 
B, it will be visible at I, showing that if R o be the incident ray, o I 
will be the refracted ray ; and in the same manner, if the luminous 
point be placed at r' and r", it will be visible at i' and i". 

982. Directions of incident and refracted rays interchangeable, 
— Hence it follows, that if a ray of light passing from one trans- 
parent medium into another transparent medium be refracted in a 
particular direction, a ray of light passing from the latter into the 
former in the direction in which it was refracted, will, after entering 
the former, follow the direction in which the former ray was incident ; 
or in general it may be stated that the direction of the incident and 
refracted rays passing between the media are interchangeable. 

983. Indices of refraction between two media in contrary direc' 
Hons reciprocals. — It follows from this that the indices of refraction 
between the media are reciprocals ; that is to say, if the index of 
refraction from air into glass be |, the index of refraction from glass 
into air will be | ; the latter number being what is called in arithme- 
tic the reciprocal of the former. In the same manner, the index of 
refraction from air into water being ^, the index of refraction frt)m 
water into air will be |. 

It appears in the two cases which have been stated of water and 
glass, that when a ray passes from air into either of these media it 
will be bent towards the perpendicular; and that, on the other hand, 
when it passes out of either of these media into air, it will be bent 
from the perpendicular. This will be evident by reference to fig. 307. 
The rays i c, i' o, i" c entering water or glass are bent in the direc- 
tions R, c R', c r" towards the perpendicular c M ; and, on the other 
hand, the rays R c, R' c, r" o, passing from glass or water into air, 
are bent in the directions C i, o i', c f' from the perpendicular c O. 

984. Rays not always bent towards perpendictdar in entering a 
denser medium. — This result being too hastily generalized, is some- 
times announced as follows: — When a ray of light passes from a 
rarer into a denser medium, it is bent towards the perpendicular, and 
from a denser into a rarer from the perpendicular, which is by no 
means generally true. 

Such a proposition is based upon the supposition that the refract- 
ing power always increases with the density ; whereas numerous in- 
stances will be produced in which media of greater density have a 
less refracting power. 

985. Index of refraction increases mth the refracting power, — 
The refracting power is estimated by the index of refraction, one 

534 



REFRACTION OF LIGHT. 65 

medium being said to have a greater or less refracting power, accord- 
ing as its index of refraction is greater or less than that of the other. 
Thos, glass is said to have a greater refracting power than water, 
because its index of refraction hemg 1*50, is greater than ike index 
of refraction of water, which is 1*33. 

The propriety of this test of the refracting power will be easily 
understood. If the index of refraction of one medium be greater 
than that of another, the angle of refraction which correspond to a 
given angle of incidence will be smaller in the former than in the 
latter; and consequently, the same incident ray would be bent more 
out of its course in the one case than in the other, that is to say, it 
would be more refracted. 

986. But not in proportion to £|J.— Although, however, the refract- 
ing power of a transparent medium increases with every increase of 
its index of refraction, this power does not increase in proportion to 
such index, but in proportion to a number found by subtracting 1 
from the square of the index. Thus, in the case of glass, where the 
index of refraction is |, its square is f , froni which 1 &ing subtracted 
leaves f , which represents the refracting power. In the same man- 
ner, the index of water being |, its square is >/, from which 1 being 
subtracted leaves j, which represents ihe refracting power of water; 
or, in general, if n be the index, n*— ^1 will represent the refracting 
power. 

The principle upon which this number n* — 1 is shown to be pro- 
portional to the refracting power, does not admit of an explanation 
sufficiently elementary for this wwrk. We must therefore adopt it as 
a datum without demonstration. 

In the following table are given the indices of refraction of those 
transparent substances which are of most usual occurrence. 

987. Tfible of the indices of refraction for light passing from a 
vacuum into various media, 

SOLIDS AND LIQUIDS. 

Chromate of lead ^maximum) 2-974 

" (minimum) ; 2'500 

Sulphur, native 2-116 

Carbonate of lead (maximum) 2*084 

" (minimum) 1-813 

Felspar (Spinelli) 1-764 

Chrysoberyl 1-760 

Nitrate of lead 1-758 

Carbonate of strontia (maximum) 1-700 

<< (minimum) , 1-648 

Boracite 1-701 

Aragonite (ordinary* refraction) 1-693 

** (extraordinary* refraction) 1-536 



* Ordinary and extraordinary redaction will be explained in Chap XVTII. 
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GalMreoitf Bparrordinary refraotion) 1*664 

<< (extraordinary refraction) 1*488 

Sulphate of baryta 1*647 

** (ordinary refraction) 1-620 

'* (extraordinary refraction) 1*636 

Colourless topaz 1*610 

Topaz of Brazil (extraordinary refraction) 1*640 

«* (ordinary refraction) 1*638 

Anhydrite (extraordinary refraction) 1*622 

" (ordinary refraction) 1*677 

Eaclase (extraordinary refraction) 1*663 

" (ordinary refraction) 1*643 

Flint-glass (maximum) 1*606 

** ^minimum) ; 1*676 

Quartz (ordinary refraction) ; 1*648 

" (extraordinary refraction) 1*668 

Crown-glass (maximum) 1*534 

<* (minimum) 1*625 

Sulphate of lime 1*525 

Saltpetre (nitrate of potassa) (maximum) 1*514 

" (minimum) 1*835 

Sulphate of potassa. 1*509 

1*495 

Sulphate of ammonia and magnesia 1*483 

Carbonate of potassa 1*482 

Spermaceti, melted 1*446 

Albumen 1*860 

Ether 1*368 

Aqueous humour of eye 1*887 

Vitreous do 1*339 

External coating of the crystalline 1*877 

Middle coating do 1*379 

Central coating do 1*399 

Entire crystalline 1*384 

Water ; 1*336 

Ice 1*310 

Vacuum 1000 

GASES. 

Atmospheric air 1*000,294 

Oxygen 1*000,272 

Hydrogen '. 1*000,138 

Nitrogen ^ 1000,800 

Ammonia 1*000,385 

Carbonic acid 1*000,449 

Chlorine 1*000,772 

Hydrochloric acid 1*000,449 

Nitrous oxide 1*000,503 

Nitrous gas 1*000,803 

Carbonic oxide 1-000,340 

Cyanogen 1*000,834 

defiant gas 1*000,678 

Light carburetted hydrogen 1*000,443 

Muriatic ether (vapour) 1*001,095 

Hydrocyanic acid 1*000,451 
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Ohloro-oarboxric aoid (phosgene gas) 1*001,159 

feutphurous acid I'000,e65 

Sulphuretted hydrogen 1-000,644 

Sulphuric ether (vapour) * 1 001,630 

Yapour of sulphuret of carbon 1-001,600 

Protophosphuret of hydrogen * 1-000,789 

988. How to find the index of refraction from one medium to an- 
other, — The indices of refraction given in the preceding table relate 
to rays of light passing from a vacuum into the several media indi- 
cated. If it be required to find the index of refraction for a ray 
passing from one medium to another, it is only necessary to divide 
the index of the medium into which the ray is supposed to pass by 
the index of the medium from which it passes, and the quotient will 
be the required index. Thus, if it be desired to determine the indet 
of refraction for a ray passing from atmospheric air into any medium 
indicated in the table, it will be only necessary to divide the index of 
the medium whose relative index is required by 1*000,294, the indet 
of refraction of atmospheric air. 

989. Course of a ray passing through a succession of media witA 
parallel surfaces. — It follows from this, that if a ray pass from any 
medium successively through several transparent media with parallel 
surfaces, it-s course in the last of the ttries will be the same as it 
would be if it had been incident directly on the surface of the last 
without having passed through the precedi^.g media. This is easily 
proved : for let I be the angle of incidence upon the surface of the 
first medium, and B the angle of refraction. This ajgle B will be 
the angle of incidence on the second medium, in which the angle of 
refraction is b'. This angle of refraction b' will be the angle of inci- 
dence on the sur&oe of the third medium, in which the angle of .re- 
fraction is b". 

If n be the index of refraction of the original medium through 
which the ray passes, and n', »/', and n'" be the indices of refraction 
of the three successive media by which it is refracted, then the index 

of refraction from the original medium into the first will be — and 

n 

consequently we shall have 

sin. I _ «' , 
sin. B "" 11 ' 
and in like manner we shall have 

sin. B __ n" sin. b' _ n'" 

iSri? "" 7' sml?' ■" F" 

By multiplying all these together we shall have 

sin. I __ n'"^ 

sin. b" "" "n"' 
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which is the index of refraction from the original medinm throngh 
which the ray passed to the last medium by which it has been re- 
fracted. The angle of refraction, therefore, r", in this latter medium, 
would be the same if the original ray had been directly incident upon 
it with the same angle of incidence. 

990. A ray having peissed through severed parallel surfacesj 
emerges parallel to its incidence. — It follows from this, that if a 
ray of light, after passing through several successive media separated 
by parallel surfaces, pass finally into the medium from which it was 
originally incident, it will issue in a direction parallel to the original 
ray. Thus, in the preceding example, if the original ray of light, 
after passing successively through the three media, issue again into 
the medium through which it originally passed, its direction will be 
parallel to its original direction; for, according to what has been 
already proved, its course, after passing through the three media and 
not the fourth, will be the same as if it passed directly from the first 
medium into the fourth ; but in this case the first medium being the 
same as the fourth, the ray would not be deflected from its course. 
It must therefore, after passing through the parallel media, preserve 
its original direction. 

991. fVhif objects are distinctly seen through window glass. — It 
is for this reason that plateau of glass with parallel surfaces, such as 
window glass, produce no di^rtion in the objects seen through them ; 
the rays from such objects, after passing through the glass, preserve 
their original direction. 

992. The angle of refraction in passing from a rarer into a denser 
medium has a limit of magnitude which it cannot exceed. — The law 
of refraction which has been just explained and illustrated is attended 
with some remarkable consequences in the transmission of light through 
media of diflerent refracting powers. 

Let AB, Jig. 308., represent, as before, the surface which separates 
a medium of air A o b from a medium of glass A M B. According to 
what has been already explained, any incident ray, such as I c, will 
be deflected towards the perpendicular M, so that its angle of re- 
fraction shall have a sine equal to two-thirds of that of its angle of 
incidence. Now, let us suppose the angle of incidence gradually to 
increase, so as to approach to a right angle. It is evident that the 
sine of the angle of incidence I n will also gradually increase until it 
approach to equality with the radius c B. This will be evident on in- 
specting the diagram, in which i' n', i" n", i"' n'", &c. are the sines of 
the successive angles of incidence; and if we suppose the direction of 
the incident ray to approximate as closely as possible to that of the 
line B 0, the sine of the angle of incidence will approach as close as 
possible to the magnitude of b o. 

Now, let us consider what corresponding change the angles of re* 
fraction will suffer. Their sines Wll be respectively, in the case of 
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Fig. 308. 

glass here supposed, two-thirds of the sines of the angles of incidence ; 
thus the sine R p of the angle of refraction corresponding to i o will 
be two-thirds of I N ; the sine r' p' of the angle of refraction cor- 
responding to i' c will be two-thirds of i' n' ; 3ie sine r" p" of the 
angle of refraction corresponding to i" C will be two-thirds of i" n" ; 
and so on. When the incident ray approaches to coincidence with 
B c, th<d sine of the angle of incidence will approach to equality with 
B 0, and consequently the sine of the angle of refraction will be equal 
to two-thirds of B c. If, therefore, it were possible that a ray passing 
directly from B to c could enter the glass at 0, such ray would have 
an angle of refraction whose sine would be two-thirds of the radius 
B 0. Now, if we draw o r"" to such a point that the sine of the 
angle of refraction r"" p"" shall be two-thirds of the radius B c, it 
is evident that all the incident rays whose directions lie between o 
and B c will be refracted in directions lying between o r"" and c M. 

In like manner it may be shown, that all incident rays whose direc- 
tions lie between o c and a o will be also included after refraction be- 
ween the lines C M and or"", corresponding in position to or"". 

Thus it appears that rays of light converging from all directions 
iK) the point o, will be after refraction included within a cone whose 
angle is r"" o r"". 

Hence follows the remarkable consequence, that light entering the 
glass at 0, from whatever direction it may proceed, will be totally ez« 
eluded from the space A o r"" and B r'", all such light being in- 
cluded, as has been observed, within the cone whose angle is r"" C r"". 

993. Experimental verification of this, — This may be verified 
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experimentally in the following manner. Let an opaque covering 
be placed on the surface A b^ a small circular aperture being left un- 
covered at 0. 

Let a light be moved round the semicircle boa. This light will 
enter the aperture o^ and will successively illuminate the points of the 
arc r"" Mr"". 

Oommencinff from B, it will produce an illuminated spot near r'"' ) 
as it is moved successively from B to o, it will illuminate the points 
successively from r"" to m; and as it is moved successiviely from 
o to A, it will illuminate successively the points from M to r"". 

In the same manner it will be found, that if tbe luminous point be 
placed at r"", its light, after passing from the point o, will fall near 
B, taking the direction o b. If the light be moved successively over 
the parts of the arc r"" M, it will successively illuminate the pointe 
of the arc from B to o ; and being moved in like manner fromM to r"", 
it will successively illuminate the points of the arc from o to A. 

994. The angle of incidence at which refraction can take place 
from a denser to a rarer medium, has a limit which corresponds to that 
of the angle of refraction in the contrary direction, — Now a ques- 
tion arises as to what will happen if the light be placed between r"" 
and a; for since, being at r"", the sine of the angle of incidence 
r"" p"", is two-thirds of C b, this sine will be more than two-thirds 
of GB if the luminous point be placed between r"" and a; and con- 
sequently it would follow, by the law of refraction, that the sine 
of the corresponding angle of refraction must be greater than the 
radius b o. 

But since no angle can have a sine greater than the radius, it would 
follow that there can be no angle of refraction, and consequently that 
there cau be no refraction, for a ray which shall make with the re- 
fracting surface at c a greater angle of incidence than r"" c m. What 
then, it will be asked, becomes of such a ray, as, for example, the ray 
L 0; making an angle of incidence L c M, whose sine l Q is greater 
than two-thirds of the radius OB? 

995. Total reflection takes place at and beyond this limit. — The 
answer is, that such a ray being incapable of refraction at o will be 
reflected, and that such reflection will follow the common law of regu- 
lar reflection, so that the ray L o will be reflected in the direction 
l', making the angle of reflection l' c M equal to the angle of inci- 
dence L M. 

Thus it follows, that all rays which meet the point c, in any direc- 
tion included between r"" c and A c, will be reflected from c in cor- 
responding directions between r"" c and b c, according to the common 
laws of reflection. 

This may be verified by observation ; for if the flame of a candle 
be moved from r"" to A, it will be seen in corresponding positions by 
an eye moved in the same way from r"" to b, and it will be seen with 
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a splendour of reflection far exceeding that produced bj any artificially 
poHshed surface. 

996. •^ngle of total reflection determines the limit of possible 
transmission. — Hence it is that this species of reflection has been 
called total reflection. The angle k"".o m, which limits the direction of 
the rays capable of being transmitted from o into the superior mediumi 
and of being rdlected, b called the limit of possible transmission. 

The rays o e"'' and o/'" separate the rays which are capable of re- 
fraction at G, from those which are reflected at G. 

As in the case of glass, the limit of possible transmission is one 
whose oine is two-thi^s ik the radius; so in the case of water, it 
would be three-fourths of the radius, and, in general, it would be aa 
angle whose sine is the reciprocal of the index of refraction. 

It follows, therefore, that this limit of possible transmission dimi- 
nishes as the refracting power of the medium increafies. 

Since the angle whose sine is | is 48^ 28', and the angle whose 
sine I is 41^ 49', it follow^ that these are the limits of possible trans- 
mission for water or g^ass iufo air. 

997. Table showing the limiis of possible transmission, corresponds 
ing to the different transparent bodies expressed in the first 
column, C ^ 



Names of Media. 



Index of 


Limit of 


Befraotion. 




2-926 


f9^9 


2-470 


28 53 


2040 


29 21 


2015 


29 45 


1-815 


88 27 


1-812 


88 80 


1-768 


34 26 


1-779 


84 12 


1-610 


88 24 


1-600 


88 41 


1-688 


40 43 


1-548 


40 15 


1-457 


48 21 


1-836 


48 28 



Chromate of lead 

Diamond 

Sulphur 

Zircon 

Garnet 

Felspar. 

Sapphire 

Ruby 

Topaz 

Flint-glass 

Crown-glass 

Quartz 

Alum 

Water 



The properties here described may be illustrated experimentally by 
the apparatus represented in fig. 309. ; \%iabcd represent a glass 
vessel filled with water or any other transparent liquid. In the bot- 
tom is inserted a glass receiver, open at the bottom, and having a 
tube such as a lamp-chimney carried upwards and continued above 
the 8urfe<^ of the liquid. If the flame of a lamp or candle be placed 
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in this receiver, as represented in the figure , 
rays from it penetrating the liquid, and pro- 
ceeding towards the surface dc, will strike 
this surface with various ohliquities. Bays 
which strike it under angles of incidence 
. within the limits of transmission will issue 
■^ into the air above the surface of the liquid, 
while those which strike it at greater angles 
of incidence, will be reflected, and will pene- 
trate the sides of the class vessel b c. 
An eye placed outside h c will see the candle reflected on that part 
of the surface d Cy upon which the rays &11 at angles of incidence 
exceeding the limit of transmission; and an eye placed above the 
Bur£»3e will see the flame, in the direction of the reflected rays, strik- 
ing the surface with obliquities within the limit of transm jv^n. 




Fig. 309. 



CHAP. VIII. 

REFRACTION OF PLANE SURFACES. 

Havino explained the principles which determine tho change of 
direction which a single ray of light suffers when it passes from one 
transparent medium to another, we shall now proceed to show the 
effects produced by pencils of rays, whether parallel, diverging or 
converging, which are incident upon plane surfaces. 




Fig. 310. 

998. Parallel rays, — ^If a pencil of parallel rays be incident upon 
a plane surface s s', j%. 810., which separates two refracting media 
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M and m', the rays of the pencil, provided they, enter the medium If' 
at all, will continue to be parallel. 

Whether the rays of the pencil enter the medium m', will be deter- 
mined by the relative refracting powers of the two media M and if', 
and the magnitude of the angle of incidence of the pencil upon the 
lurface s s'. 

If the medium M' be more refracting than the medium m, then the 

Eencil will enter the medium m', whatever be the angle of incidence ; 
ut if the medium m' be less refracting than the medium m, then the 
pencil will enter the medium m' only when the angle of incidence is 
less than the limit of transmission. If it be greater than that limit, 
it will be reflected from the surface s s', according to the common 
law^ of reflection. 

K a pencil of parallel rays be incident successively upon parallel 
plane sur&ees separating different media, its rays will, if transmitted 
at all through them, preserve their parallelism ; for, from what has 
been already proved, the pencil, if parallel in the medium M, will be 
parallel in the medium m' ; and being parallel in the medium M^, it 
will for the same reason be parallel in the medium m"; and the same 
will be true for every successive medium through which the pencil 
passes, provided the surface separating the media be parallel. 

But whether the pencil be transmitted at all through the successive 
media, will depend, as before, upon the relative refracting powers of 
the media and the angles of incidence. If, for example, at any sur- 
face, such as T t', the medium m" have less refracting power than the 
me<^um m', the pencil will only enter it provided the angle at which 
the rays strike the surface T t' be less than the limit of transmission, 
otherwise the rays will be reflected. 

If a refracting medium M', bounded by parallel planes, have the 
same medium at each side of it, as, for example, if the medium m' be 
a plate of glass, and the media M and m'' be both the atmosphere, the 
pencil of rays A B, after passing through the medium M', will emerge 
in the direction c D, c' D', c" D", parallel to the original direction A B, 
A' B', a" b", &c. 

This has been already proved for a single ray, and will therefore be 
equally true for any number of parallel rays. 

999. Parallel rays incident an a succession of parallel surfaces. 
— If a pencil of parallel rays, after passing through a succession of 
media bounded by parallel surfaces, be incident upon the surface of a 
less refracting medium, at an angle greater than the limit of trans- 
mission, it will be reflected, and after reflection will return through 
the several media, making angles with the other surfaces equal to 
those which it produced passing through them, but on the other side 
of the perpendicular. 

For example, let a Byfg. 311., be a ray of the incident pencil, and 
let it be successively refracted ly the media M, M', M" in the directions 
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B 0, G D, and D K ; and let it be sup- 
posed that; the medium m'" having a 
less refracting power than the medium 
m", the raj D E is incident upon its 
surface at an angle greater than the 
angle of transmission. 

This ray will consequently be re- 
flected in the direction £ d', making an 
Fig. 311. angle with the surface at £ equal to 

that which D £ makes with it. The rars 
£ d' and £ D; being equally inclined to the surface separating the 
media m" and m', will be refracted by the medium m' in the direction 
d' g', inclined at the same angle as D G to the surface D J>', but on the 
other side of the perpendicular; and in the same way, in passing 
through the medium M, it will take a direction g' b' inclmed to G G' at 
the same angle as the ray G b is inclined to it. In fine, it will issue 
from the medium M in the direction b^ a', inclined to the surface 
b b', at the same angle as the incident ray a b is inclined to such 
surface. 

If an eye were placed, therefore, at a', it would see the object from 
which the ray A B proceeds in the direction a' b', the phenomenon 
being in all respects similar to that of common reflection. 

1000. MiragBf Fata Morgana^ Sfc. explained. — These principles 
serve to explain several atmospheric phenomena, such as Mirage, the 
Fata Morgana, &c. 

In climates subject to sudden and extreme vicissitudes of tempera- 
ture, the strata of air are often aflected in an irregular manner as to 
their density, and consequently as to their refracting power. If it 
happen that rays proceeding from a distant object durected upwards 
after passing through a denser be incident upon the surfaee of a rarei 
stratum of air, and that the angle of incidence in this case exceeds the 
limit of transmission, the ray will be reflected downwards; and if it be 
received by the eye of an observer, an inverted image of the object 
will be seen at an elevation much greater than the object itself. 

To explain this, let s,^. 312., be an object^ which if viewed from 
£ would be seen in the direction fi s. 

Let M and m' be two atmospheric strata, of which m' is much more 
rare than M, and let the ray s M be incident upon the surfiuse separa- 
ting these strata at an angle greater than the angle of transmission. 
Such ray will in this case be reflected in the direction M E, making 
with the surface an angle equal to that which s M makes ^th it. The 
eye, therefore, will see an image of s, exactly as it would if the sur- 
face separating m and m' were a mirror, and consequently the image 
8' of the object s will be inverted. If no opaque obstacle lie in the 
line £ 8. the object s and the inverted image will be seen at the same 
time ', but if any object be interposed between the eye and s, such 
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Fig. 312. 

as a baildiDgy or elevated ground, or the curvature of the earth, then 
the object s will be invisible^ while ita inverted image s' will be 
seen. 

It sometimes happens that the reflection takes place from a lower 
stratum of air towards the eye in an upper stratum^ and in such case 
the inverted image is seen below the object. 

1001. Curious examples of these phenomena. — Various fantastic 
optical effects of this kind are recorded as having been observed 
during the campaign of the French army in Egypt On this occa- 
sion, a corps of savans accompanied the army, in consequence of 
which, the particulars of the phenomena were accurately observed and 
explained. 

When the surface of the sands was heated by the sun, the land 
seemed terminated at a certain point by a general inundation. Vil- 
lages standing at elevated points seemed like islands in the middle of 
a lake, and under each village appeared an inverted image of it. As 
the spectator approached the boundary of the apparent inundation, 
the waters seemed to retire, and the same illusion appeared round the 
next village. 

1002. Case in which parallel rays are incident successively on 
surfaces not parallel. — If a pencil of parallel rays be transmitted 
successively through several transparent media bounded by plane sur- 
faces which are not parallel, its rays will preserve their parallelism 
throughout its entire course, whether they strike the successive* sur- 
faces at an angle within the Hmit of transmission or not. 

If they strike them at angles within the limit of transmission, they 
will pass successively through the media, and the preservation oi 
their mutual parallelism may be established by the same reasoning as 
was applied to parallel surfaces ; for the angles of incidence of the 
parallel rays upon the surface of the first medium being equal, the 
angles of refraction will also be equal, and therefore the rays through 
the first medium will be parallel. They will therefore be incident at 
equal angles on the surfaces of the two media, and the angle of re- 
fraction through the strata within the limits of transmission will be 
also equal, and therefore the rays in passing through the second me- 
dium will be parallel ; and the same will l^ true of every successive 
medium through which the rays would be transmitted. But if thej 
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strike upon the surface of any medium at an angle beyond the limit 
of transmission, they will be reflected, and being reflected at the same 
angle at which they are incident, the reflected rays must be parallel. 
In returning successively through the media they will be subject to 
the like oroervation, and will therefore preserve their parallelism 
whether they be refracted or reflected. 

In these observations it is assumed that all the rays composing the 
parallel pencil are equally refrangible by the same refracting medium, 
and to such only the above inferences are applicable. It will, how- 
ever, appear hereafter that certain pencils may be composed of raya 
which are difierently refrangible, a case not contemplated here. 

1j003. Refraction by prisms. — ^The deflection of a pencil fix)m its 
original course by its successive. transmission through refracting smv 
faces which are not parallel, is attended with consequences of great 
importance in the theory of light, and it will therefore be necessary 
here to explain these effects with some detail. 

If two plane surfaces be not parallel, they may be considered as 
forming two sides of a triangular prism, which is a solid, having five 
sides, uxree of which are rectangular, and the two ends triangular. 
Such a solid is represented in J^. 813. a b o and A' b' o 'are iJie 
triangular ends, which are at right angles to the length of the prism^ 





Fig. 313. 

and therefore parallel to each other. The three rectangular sides are 
A B b' a', B c o' b', and A c c' a'. 

1004. The refracting angle — designaiians of prisms, — The 
refracting angle of the prism is that angle through the sides of which 
the refracted light passes. Thus, if the light enter at any point of 
the side A B b' a', and emerge from a point of the side b o (/ b', then 
the angle of the prism whose edge is B b' is called the refract' 
ing angle, and the opposite side A c (/ a' is called the base of the 
prismi 

Triangular prisms are distinguished according to the properties of 
the triangles which form their ends. Thus, if the triangle A b o be 
equilateral, the prism is said to be equilateral ; if it be right-angled, 
the prism is said to be rectangular; if the sides a b and b o of the 
refracting angle be equal, the prism is said to foe isosceles; and so 
forth. 
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Fig. 314. 



1005. Manner of mounting prisms for optical experiments, — It 
18 usual to mount such prisms for optical purposes on 
a pillar, as represented in Jig. 814., having a sliding 
tube t with a tightening wsceWy by which the elevation 
may be regulated at pleasure, and a knee-joint at gy by 
which any desired inclination may be given to the 
prism. 

By the combination of these arrangements, the ap* 
paratus may always be adjusted, so that a pencil may 
be received in any desired direction with reference to 
its refracting angle. 

If the transparent •medium composing the prism be 
a solid, the prism may be formed by cutting and polish- 
ing the solid in the form required ; if it be a liquid, 
the prism may be formed of glass plat«s hollow, so as 
to be filled by the liquid. 

1006. Effect produced on parallel rays hyaprism.-^ 
Let a pencil of parallel rays be supposed to be in- 
cident at Oyfg, 315., upon one side A b of the 
refracting angle ABO of a prism. Let it be 
required to determine under what oondidons 
such a pencil entering the prism and traversing 
it will be transmitted through the otlier nde B c. 
We shajl here assume that the refracting 
power of tiie prism is greater than that of the 
surrounding medium. This being the case, 
the pencil incident upon the surfiue A B will 
enter the prism, whatever be its angle of inci- 
dence. From o draw O M perpendicular to A B, 
and o m perpendicular to B o; draw op and 
o p', making with o M the angles POM and 
p' o M, each equal to the limit of transmission ; 
and also draw the lines op and op\ making 
angles with o m also equal respectively to the limit of transmission. 
It is evident, from what has been already explained, that in whatever 
direction the incident ray would fall at o, it will, when refracted, fall 
within the angle P O P'. 

It follows idso frt)m what has been explained, that no ray proceed- 
ing from o and incident upon the surface B o can be transmitted 
through it unless it fall between p and p', that is, within the angle 
pop'. 

It is evident, then, that if these two angles P o p', and pop' lie 
altogether outside each other, as represented in^. 315., no ray inci- 
dent at o could pass through the surface B ; and that, consequently, 
•very such ray must be reflected by such surface. In order that any 
of the rays transmitted through the prism, and therefore falling within 
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the angle P o p', should be transmitted, it would be necessary thai 
the angle pop', or some part of it^ should fall upon or within the 
angle p o p'. 

To determine the conditions which would ensure such a result, we 
are to consider that the lines o M and o m, which are perpendicular 
respectively to the sides of the refracting angle, must form with each 
other the same angle, that is, the angle m o M must be equal to the 
refracting angle B. 

This angle m o M is, as represented in Jig. 315., equal to the sum 
of the three angles mop, mop*, and p' o P. Therefore, the angle 
p' p will be equal to the angle m o M, diminished by twice the limit 
of transmission, because the two angles mop' and M o p are respect- 
ively equal to the limit of transmission. 

It follows, therefore, that the angle j/ o P, which separates the rays 
transmitted through the prism from the direction of those rays which 
it would be possible to transmit through the surface B c, is equal to 
the difference between the refracting angle b, and twice the limit of 
transmission. If, therefore, the refracting angle of the prism be 
greater than twice the limit of transmission, the rays which enter the 
prism cannot be transmitted through the second surface of the refract- 
ing angle, but will be reflected by it. If the angle m o m be equal 
to twice the limit of transmission, then the commencement o p of the 
rays which pass through the prism Will coincide with the commence- 
ment op' of those rays which it would be possible to transmit through 
the surface b o. This case is represented in^. 316. In this case, 
none of the rays which pass through the prism can be transmitted 
through the surface B C, and the line o P is the limit which separates 
the two cones of rays, one consisting of the rays which traverse the 
prism, and the other including those directions which would render 
their transmission through the second surface possible. 
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If, in iSne, the angle m o M, as represented in fig, 317., be less 
than twice the limit of transmission, then a portion of the cone p o j/ 
will lie within the cone pop' and all the refracted rays which are 
included between o P and o p' will fdlfil the condition of transmission, 
and will consequently pass through the surface B G ; but all the others 
which strike the sudSax^e b between p' and je/, will be reflected. 

The rays, therefore, incident at the point o, which are capable of 
being transmitted through the two sur&ces B A and B G of the prism, 
f will be those whose angles of re&action are greater than j/ o M, and 
less than pom. 

But if L express the limit of transmission; and B the refracting 
angle of the prism, we shall have . 

y OM = L — p'OP = B — L. 

The condition, therefore, of transmission at the two surfaces is that 
the refracting angle of the prism shall be less than twice the limit of 
transmission, and the rays which in this case are capable of transmis- 
sion are those whose angles of refraction at the first surface are greater 
than the difference between the refracting angle of the prism and the 
limit of transmission. 

To explain the course of a ray which, passing through the prism, 
fulfils these conditions of transmission, let Abo,^. 318., be the 

refracting angle, and PO the 
incident ray. 

The prism being supposed to 
be more dense than the sur- 
rounding medium, or to have 
a greater refracting power, the 
ray p o, in passing through it, 
will be bent towards the per- 
pendicular o N, so that the 
angle of refraction o' o n will 
^ Fig. 318. be less than the angle of 

incidence at o. Thus the 
refracted ray will be bent out of its course through the angle Q o o', 
which is the first deviation of the refracted ray from its original direo- 
tion. The refracted ray o o' being incident on the second surface at 
o' at the angle o o' N, will pass through this sur&ce, and will emerge 
in the direction o' R deflected from the perpendicular. 

Since o Q is the direction of the original incident ray p o, and Q R 
the direction of the emergent ray o' R, it follows that the total devia- 
tion of the ray from the original direction produced by the two refrac- ^ 
tions is the angle p' Q R. C 

1007. Condition on which the deviation of the refracted ray shall 

he a minimum, — If the angle of incidence of the original ray p o be 
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9uoh ihat the refracted ray o o' shall make equal angles with die 
sides of the prism, that is to say, so that the angles boo' and B o' o 
shall be equal, then the deviation of the emergent ray o' B from its 
originsJ direction will be less than it would be for any other angle of 
incidence of the original ray P o. 

In this case it is easy to see that the angles which the incident and 
emergent rays P O and o' B make with the sides of the prism, and 
with the refracted ray o o', are eaual ; for since the angles boo' and 
B o' o are equal, the angles n o o' and ff o' o are also equal. 

But 



sm. p o n 
sin. N o' 



index of refraction^ 



sm.RO n 



Bii». N o' o 



= index of refraction. 



But since the angles n o o' and n o' o are equal, it follows that 
the angles P O n and R o' n' are consequently also equal. Therefore 
the incident and emergent rays make equal ancles with the perpen- 
dicular to the two sur^ces, and therefore with the two surfaces them- 
selves. 

It is easy to show experimentally that in this case the deviation of 
the direction of the emergent from that of the incident ray is a mini- 
mum, for the direction of these rays can be determined by observa- 
tion and the deviation directly measured. By turning the prism on 
its axis, so as to vary the angle which the first surface makes with ' 
the incident ray by increasing or diminishing it, it will be found that 
the deviation of the direction of the emergent from that of the inci- 
dent ray will be augmented in whatever way the prism may be turned 
from that position in which the incident and emergent rays are equally 
inclined to the sides of the prism. 

1008. How this supplies means of determining t1^ index of re- 
f Taction, — Means are thus obtained, by observing the minimum 
deviation produced upon a ray transmitted through a prism, of deter- 
mining, by a simple observation, the index of refraction; for the angle 
of refraction N o o', being equal to the angle N b o, is one-half the 
refracting angle of the prism, and the angle of incidence P O n is 
equal to the angle of refraction N o o', or one-half the angle of the 
prism, together with the angle o' o Q, or one-half the deviation o' Q p'. 
Thus, if I be the angle of incidence, and R the angle of refraction at 
the first surface o, and if B be the refracting angle of the prism^ and 
D the angle of deviation, we shall have 



I=:}D-f }B, 
B= j^B. 
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Therefore we shaU have 

Bin. } (d 4- b) . , jf j> ^ 

r-\ = index of refraction. 

sm. } B 

By knowing, therefore^ the angle of the prism, and bj measuring 
the angle of minimum deviation; the index of refraction of the ma- 
terial composing the prism can be found. 

If the ray transmitted through the prism do not fulfil the conditions 
of transmission at the second surface^ it will be reflected, and will 
therefore return to the first surface, and pass through it into the 
medium from which it came, or will return to the base, and be trans- 
mitted through it, or reflected by it, according as the angle at which 
it strikes it is within the limit of transmission or not. 

In the case represented in^^. 319., the incident ray p o striking 
upon the surfiice b o at o', is reflected by it and passes to the base at 
o", through which it is transmitted. 

1009. Rectangular prism used as reflector. — A rectangular isos- 
celes prism of glass is often used for an oblique reflector. Such a 
prism is represented in^^. 820. The sides A B and A o being equal, 
the angles A b o and A c b must be each 45^. If a parallel pencil of 
rays, of which p o is one, is incident upon B A perpendicularly, it will 
enter the medium of the prism without refraction, and will proceed to 
the surface B c, on which it will be incident at #' at an angle of 45^. 
Now, the limit of transmission of glass being but 40^, such a ray 
must suffer total reflection, and will accordingly be reflected from b o 
at an angle of 45^, that is, in the direction of o' R, at right angles to 
the origmal direction p o'. 





Fig. 319. 



Fig. 320. 



An object, therefore, placed at b would be seen by an eye pkced 
at p in the direction p o', and an object phiced at p would be seen by 
an eye placed at b in the direction b o'J 
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1010. Diverging rays refracted at plane mrfaces, — Let i, Jigi, 
321., 322., be the focus from which a pencil of diverging rays pro- 
ceeds, and is incident upon the refracting surface ABC; separating the 
media M and m'. 

Let I B be that raj of the pencil which being perpendicular to the 

surface is ita axis, and will 
therefore pass into the me- 
dium m' without having its 
direction changed. Let id 
be two other rajs equidistant 
from B falling obliquelj on 
the surface so nesar the point 
B as to bring them within the 
scope of the principle ex- 
plained in 958. Let be 
be the directions of the re- 
fracted rajs which being con- 
tinued backwards meet the 
line B I at B. Fig, 321. re- 
presents the case in which 




Fig. 321. 




the medium m' is more dense than M, and in which, therefore, the 

refracted rajs are deflected 
towards the perpendicukr. 
Fig. 322. represents the case 
in which the medium m' is 
less dense than M, and where, 
therefore, the refracted rajs 
are deflected from the perpen- 
dicular. 

In the former case, the 
point B falls above i, in the 
latter below it. The point 
R will then be the focus at 
which the rajs I B and D E, 
or their continuations, meet 
This will therefore be the focus of the refracted rajs. The angle 
DIB which the incident raj makes with the perpendicular i b, is 
equal to the angle of incidence ; and the angle D B B, which the di- 
rection of the refracted raj makes with the perpendicular, is the 
angle of refraction. 

Let the distaiice i B of the focus of incident rajs from the surface be 
expressed bj / and r b, that of the focus of refracted rajs from the 
surface by f. 

Since the angles which R D and i D make with rib are so small 
as to come within the scope of the principle expressed in 958., we 
shall have 
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i^ 



and consequently, 



DB 

T 



BB 

7' 



!_/' 
i-/- 



But since the angles I and R are small, their sines, hj the prin- 
ciple explained in 958., may be taken to be equal to the angles them- 
selves ; and, consequently, we shall have, by the common law of re- 



fraction, - equal to the index of refraction n. 



Thus we shall have 



7 



= n, f=nxf 



(0). 



In this case, n is the index of refraction of the rays proceeding 
from the medium M to the medium M', and is consequently greater 
than 1 when m' is more dense than M, and less than 1 when m' is less 
dense than M. 

The formula (o) is equivalent to a statement that the distance of 
the foci of rej&action and incidence from the refracting surface is in 
the proportion of the index of refraction to 1 ; that is to say, 

1011. Convergent rays incidetU on plane surfaces, — The cases 
represented in figs. 321. and 822. are those of diverging rays. Let 
us now consider the case of converging rays. Let the rays E D be 
incident upon the surface ABC, figs, 323., 324., converging to the 
point I. 






'%■ 
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Fig. 323. 



Fig. 334. 
553 



84 LIGHT. 

* 

If the medium m' be more dense than m, the rajs being deflected 
towards the perpendicular would ment the axis B I at the point R, more 
distant than i from B ; and if m' be less dense than M, being deflected 
from the perpendicular they will meet the axis at the point r, less 
distant from the surface than i. In this case, the same reasoning will 
be applicable as in the former, and the same formula (o) for the de- 
termination, of the reUtive distances of i and B from B will result. 

If ly fgs. 321., 322., be any point in an object seen by an eye 
placed within the medium m', the point i will appear at R, because the 
rays D E proceeding from it enter the eye as if they came fVom R. 
The point will therefore seem to be more distant &om the sur&Lce a o 
than it really is in the case represented in^. 321.; and less distant 
in that represented in^^. 322. 

1012. fVhy water or glass appears shallower than it is, - This 
explains a familiar effect, that when objects sunk in water ar^ viewed 
by an eye placed above the surface, they appear to be less deep than 
they are, in the proportion of 3 to 4, this being the index of refrac- 
tion for water. If thick plates of glass with parallel surfaces be placed 
in contact with any visible object, as a letter written upon white paper, 
such object will appear, when seen through the glass, to be at a depth 
below the surface only of two-thirds the thickness of the glass, the 
index of refraction for glass being |. 

If a straight wand be immersed in water in a direction perpen- 
dicular to the surface, the immersed part will appear to be only three- 
fourths of its veal length, for every point of it will appear to be nearer 
to the surface than it really is, in the proportion of 3 to 4. If the 
wand be immensed in a direction oblique to the surface, it will appear 
to be broken at the point where it meets the surface, the part im- 
mersed forming an angle with the part not immersed. 

Let AC, Jig, 325., represent in this case the surface of the water, 

and let L b l' be the real direction 
of the rod, B l' being the part im- 
mersed. From any point P, draw 
p M perpendicular to the surface 
A G, and let M p be equal to three- 
fourths M p. The point p will 
therefore appear as if it were at 
p ; and the same will be true for 
all points of the rod from B to L'. 
The rod, therefore, which really 
Fig. 325. passes from B to l', will appear 

as if it passed from B to V, this line B V being apparently at a distance 
from the surface of three-fourths the distance B l'. 

1013. Refracting and refractive power explained, — Much con- 
fusion and consequent obscurity prevails in the works of writers on 
optics of all countries, arising from the uncertain and varying use of 
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Hie terms refractmg or refractive power, as applied to the effect of 
transparent media upon light transmitted through them. 

It is evident that if rajs of light incident at the same angle on the 
surfaces of two media he more deflected from their original course in 
passing through one than in passing through the other, the refracting 
power of ihe former is properly said to be greater than the refract' 
ing power of the latter. But it is not enough for the purposes of 
science merely to determine the inequality of refracting power. It is 
necessary to assign numerically the amount or degree of such inequal- 
ity, or, in other words, to assign the numerical ratio of the refracting 
powers of the two media. 

In some works the index of refraction is adopted as the expres- 
sion of the refracting power. Thus the first table in the Appendix 
to Sir David Brewster's Optics is entitled "Table of Refracting 
Powers of Bodies;'' the table being, in fact; a table of the indices of 
refraction. 

The correct measure of the refracting power of a medium is, how- 
ever, not the index of refraction itself, but the number which is found 
by subtracting I from the square of that index. Thus, if n ex- 
press the index of refraction, n* — 1 would express the refracting 
power. 

This measure of the refracting power is based upon a principle of 
physics not easily rendered intelligible without more mathematical 
knowledge than is expected from readers of a volume so elementary 
as the present. In the corpuscular theory of light, the number 
n*-^l expresses the increment of the square of the velocity of light in 
passing from the one medium to the other ; and in the undulatory 
theory it depends on the relative degrees of density of the luminous 
-ether in the two media. In each case there are mathematical reasons 
for assuming it as the measure of the refractive power. 

Taking the refractive power in this sense, it may be expressed for 
any medium, either on the supposition that light passes from a vacuum 
into such medium, or that it passes from one transparent medium to 
another. If the refractive powers of two media be given, on the sup- 
position that light passes from a vacuum into each of them, the re- 
fractive power, where light passes from one medium to the other, can 
be found by dividing their refractive powers from a vacuum one by 
the other. Thus the refractive power of glass from vacuum being 
1-326, and that of water 0*785, the refractive power of glass, in re- 
ference to water, will be 

1014. Absolute refractive power explained. — The term "absor 
lute refracting power" has been adopted to express the ratio of the 
refracting power of a body to its density. Thus, if j> express the 
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density of a medium, and A express its absolute refracting power, we 
shall have 

^n« — 1 

"~ D 

When an elastic fluid or gaseous substance suffers a change of den- 
sity, its refracting power undergoes a corresponding change, increas- 
ing with the density; but in this case the '^absolute refracting 
power" remains sensibly constant, the index of refraction varying in 
such a manner that n* — 1 increases or diminishes in the same ratio 
as the density. 

CHAP. IX. 

REFRACTION AT SPHERICAL SURFACES. 

1015. The radius of a spherical surf ace taken as the perpendicu- , 
lar to which all rays are referred. — It has been already explained 
that a ray of light incident upon a curved surface suffers the same 
effect, whether by refraction or refleQtion, as it would suffer if it were 
incident upon a plane surface touching the curved surface at the point 
of incidence ; and consequently the perpendicular to which such ray 
before or after refraction must be referred, will be the normal to the 
curved surface at the point of incidence. But as the curved sur&ces 
which are chiefly considered in optical researches are spherical, this 
normal is always the line drawn through the centre of the sphere of 
which such curved surface forms a part. When a ray of light, there- 
fore, is incident upon any spherical surface sepsyating two media hav- 
ing different refracting powers, its angles of incidence and refraction 
are those which the incident and refracted rays respectively make 
with the radius of the surface which passes through the point of inci- 
dence. 

Thus if A B c,Jig, 326., be such a surface, of which o is the centre, 
a ray of light y p, being incident upon it at p, and refracted in the 
direction pf, the angle of incidence will be the angle which yp 




Fig. 326. 
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ID ikes with the oontiauation of o P, and the angle of refraction will 
be o P F. The sine of the angle of incidence will be^ according to 
the common law of refraction, equal to the sine of the angle of refrac- 
tion mnltiplied by the index of refraction. 

We shall first consider the case of pencils of parallel rays incident 
on spherical surfaces; and, secondly, that of divergent or convergent 
rays. 

It may be here premised once for all, that in what follows such 
pencils of rays only will be considered as have angles of incidence or 
refraction so small as to come within the scope of the principle 
explained in 958., so that in these oases the angles of incidence and 
refraction themselves may be substiuted for their sines, and vice 
versd ; and the arcs which subtend these angles, and the perpendicu- 
lars drawn from the extremity of either of their sides to the other, 
may indifferently be taken for each other. The retention of this in 
the memory of the reader will save the necessity of frequent repeti- 
tion and recurrence to the same principle. 

1016. Parallel rays. — Let y T,Jig. 326., be two rays of a parallel 
pencil whose axis is F o b, and which is incident at P upon a spheri- 
cal surface A b c, whose centre is o. 

There are two cases presenting different conditions : 

I. When the denser medium is on the concave, and the rarer on 
the convex side of the refracting surface : 

II. When the denser medium is on the convex, and the rarer 
medium on the concave side of the refracting surface. 

1017. First case. Convex surface of denser medium. — The rays 
T 'Pyfg- 326., incident at p, entering a denser medium, will be de- 
flected towards the perpendicular o p, and will consequently meet at 
a point F beyond o. The angle p o b is equal to the angle of inci- 
dence. Let this be called i. The angle o f F is the angle of refrac- 
tion, which we shall call B. 

By the common principles of geometry (Euclid, book 1. prop. 32.), 
We have 

R = I BFP. 

If the distance b f, of the focus f, from the vertex b be expressed 
by F, and the radius b o by r, we shall have 







1 = 


BP 
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since i is 


equal to n X R, 


we shall have 
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Omitting the common numerator b p, we shall have 

Inn 

r'~ r v' 

and consequently 

nr , . 

1 = =• . . (a). 

n — 1 ^ ^ 

1018. To find the distances of the principal focus from the sur^ 
face and the centre, — By this formula, when the index of refraction 
n, and the radius r of the surface a b o, are known, the distance of 
the point F from B can always he computed, as it is only necessary to 
multiply the radius by the index of refraction, and to divide the pro- 
duct by the same index diminished by 1. 

To find the distance of the focus F from the centre o, it is only 
necessary to subtract from the formula expressing its distance from 
B, the radius r. Thus we have 

nX r r , . 

n — 1 n — 1 "^ ' 

1019. Case in which the rays pass from the denser into the rarer 
medium. — In the case contemplated above, the rays Y p pass from the 
rarer to the denser medium. If they pass in the contrary direction, 
that is to say, in the direction y' p, then the index n from the denser to 
the rarer medium will be less than 1, and the expression for F, formula 
(a), will be negative, showing that in this case the focus lies to the 
left of the vertex B at f'. The same formula, however, expresses its 
distance from b, only that the index of refraction n is in this case the 
reciprocal of the index for the rays passing in the contrary direction. 
If, then, we express by n' the index of remiction from the denser to 
the rarer medium, the distance of f' from b will be expressed by 

n' X r 
n — 1 

It is easy to show that the distance f' b of the focus of the rays 
y' P from the vertex B is equal to the distance F O of the focus F of 
the rays Y p from the centre. To show this, it is only necessary to sub- 
stitute - for n', which is its equivalent, and we find 



F' = 



1— n' 

which is the same as the expression already found for the distance of 
F from o, but having a different sign, inasmuch as it lies at a different 
side of the vertex B 

1020. Relative position of the two principal foci, — The two foci 
F and f' of parallel rays incident upon the refracting surface A B o in 
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oppofflie directions, are called the principal focif one 7 of the convex 
surface, and the other f' of the concave surfiEice. 

It follows from what has been just proved that the distance of each 
of these foci from the vertex b is equal to the distance of the other 
from the centre o. 

It follows, also, from what has been here proved, that parallel rays, 
whether incident upon the convex surface of a denser, or the concave 
surface of a rarer medium, will be refracted, converging to a point 
upon the axis in the other medium, determined by the fonnulad above 
obtained. 

1021. Second case. Concave surface of a denser medium,^ 
The formulae (a) and (b) are equally applicable to the case in which 
the denser medium is on the convex side of the surface A b c. It is 
only necessary, in this case, to consider that the value of n, for the 
rays y p, is less than 1. This condition shows that the value of P, 
given by the formula (a), is negative, and consequently that the focus 
will lie to the left of the vertex b, as at f'. Now, since the rays Y P, 
after passing the surface A b c, have their focus at f', they must be 
divergent, and the focus f' will be imaginary. 

In like manner, if the rays pass from the rarer to the denser me- 
dium, in the direction y' p, the value of F will be positive, because 
in this case it will be greater than 1, and consequently the focus, will 
lie to the right of the vertex B, as at F, the rays diverging from it 
being those which, by refraction, pass into the medium to the left of 
the surface ABO. The focus f, therefore, in this case, is also ima- 
ginary. 

The same Jig, 326., therefore, will represent the circumstances at- 
tending the case in which the denser medium is at the convex side 
of the surface, the only difference being that in this latter case F is 
the focus of the rays y' p, and f' the focus of the rays Y p. The dis- 
tances of F and f' from b and o respectively will be the same as in 
the former case. 

1022. Case of parallel rays passing from air to glass, or vice 
vers^. — To illustrate the application of the preceding formulae, let 
us suppose, for example, that the denser medium is glass, and the rarer 
air, and that consequently the value of n, for rays passing from the 

Q 

rarer to the denser, is 75, and its value for rays passing from the denser 

to the rarer is ^, • 

o 

We have, consequently, in the case represented in fg, 326., 

nr Q 

FB = == or: 

n — 1 

that is to say. the distance of the principal focus of the parallel rayH 
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T P from B is three times the radius o B, and consequently its distance 
F o from o is twice its radius. 
In like manner, to find the distance f' b, we have 

» -3, 

and consequentlji 

F' = — 2f; 

that is to say, the distance f' b is equal to twice the radius, and is 
negative, since it lies to the left of b. 

In like manner, it will follow that when the surface of the denser 
medium is concave, B f' and f o are each equal to twice the radius b. 

1023. Rays diverging from the principal focus of the convex 
surface of a denser, or the concave surface of a rarer medium, or 
converging to the principal focus of the convex surface of a rarer, 
or the concave surface of a denser medium, are refracted parallel 
— Since the directions of the incident and refracted rays are in all 
cases reciprocal and interchangeable, it follows that if, in the first 
case, where the denser medium is on the concave side of the surface, 
rays are supposed to diverge from either of the foci F or f', fg. 326., 
they will be refracted parallel to the axis F b in the other medium ; 
and in the second case, if rays be incident upon the refracting surface 
in directions converging to F or f', they wHl be refracted parallel to 
the axis in the other medium. 

It may be asked what utility there can be in considering the case 
of incident rays converging, inasmuch as rays which proceed from all 
objects, whether shining by their own light, or rendered visible by 
light received from a luminary, must be divergent, each point of such 
objects being a radiant point, which is the focus of a pencil of rays 
radiating or diverging from it in all directions. 

It is true that the rays which proceed immediately from any ob- 
jects are divergent, and therefore, in the first instance, all pencils of 
rays which are incident upon reflecting or refracting surfaces are ne- 
cessarily divergent pencils; but in optical researches and experiments, 
pencils of rays frequently pass successively from one reflecting or re- 
fracting surface to another, and in these cases pencils which were 
originally divergent, often are rendered convergent, and in this form 
become pencils incident upon other reflecting or refracting surfaces. 
In such cases the pencils have imaginary foci behind the surface upon 
which they are incident, such foci being the points to which they 
would actually converge if their direction were not changed by the 
reflecting or refracting surfaces which intercept them. 

1024. Convergent and divergent surfaces defined, — It appears 
from the preceding investigation that a spherical refracting surface, 
having a denser medium on its concave side, always renders parallel 
rays convergent, in whatever direction they are incident upon it; and 
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that; on the contrary, a spherical surface; having a denser medium at 
its convex side^ always renders parallel rays divergent in whatever di- 
rection they are incident upon it As these two surfsu^s possess these 
distinguishing optical properties, it will he convenient to express the 
former as a convergent refracting surface^ and the latter as a divergent 
refracting surface. 

1025. Effect of a spherical refracting surface on diverging and 
converging rays, — Having explained the conditions which determine 
the position of the foci of parallel rays incident on spherical reflecting 
surfaces, we shall now proceed to investigate those by which the focus 
to which diverging or converging pencils of incident rays are refracted 
is determined. 

Let ABO, figs. 327., 328., be a spherical refracting sur&ce, of 




Fig. 327. 




Fig. 328. 

which the centre is o, and the vertex b. Let i be the focus of the 
pencil of incident rays, whether diverging or converging ; and let R 
be the conjugate focus of refracted rays, so that the incident pencil 
may after refraction be converted into another pencil, diverging from 
or converging to the point B. The angle o P I will be the angle of 
incidence, and the angle o p B the angle of refraction. 

Let the radius B o be expressed as before by r, and let i B and B B 
be expressed respectively hjfaxidf. 

We shall have, by the principles of geometry,* fig, 327., 

BP BP 
OPI = BOP — BIP = TT, 

BP BP 
OPR = BOP — BBP= -=-. 

^ f 



* Euclid, Book 1. Prop. 32. 
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But since the an^le of ineideneey being small, is equal to the angle 
of refraotioB multiplied by the index of refraction, we shall have 

B P BP /B P B Pv 

Omitting the commoB numerator b p, we shall bare 
11 /I 1\ 

From this we infer^ 

1 It 1 — n , ^ 

j-f--r- • • <«)• 

1026. How to find the focus of refraction when the focus of 
incidence is given, — By this formula, when the distance of the focus 
of incident rays from the vertex, the radius of the surface, and the 
index of refraction, that is/, n, and r, are known, the position of the 
focus of refracted rays, that is, its distance /' Arom the vertex, can 
always be determined. It is only necessary to observe, that when 
the value of /' obtained from the formula (c) is positive, it is to be 
measured to the right of the vertex b, and consequently lies on the 
concave side of the surface; and that when negative it should be 
measured to the left of b, and consequently lies on the convex side 
of the surface. 

When the focus of incident rays I lies to the right of B, and there- 
fore on the concave side of the surface, the distance/ is positive; but 
if I lie to the left of b, or on the convex side of the surface, then /in 
the formula (c) must be taken negatively. The index n is under- 
stood in all cases to be the index of refraction of the medium from 
which the ray proceeds to the medium into which it passes ; and is 
consequently greater than unity when the latter is denser, and less 
when it is rarer than the former. 

With this qualification, the formula (c) will determine the relative 
position of conjugate foci in every possible case, whether of conver- 
gent or divergent rays, and at whichever side of the surface the denser 
ipedium may lie. 

As an example of the application of this formula, let us take the 
most common case of a pencil of rays passing from air into glass. 

If the pencil be divergent and the refracting surface be convex, as 
represented in fig, 328., Uie distance of IB, the focus of incident rays, 
from the vertex, wiU be negalive, and the value of n will be f. 
Hence the formula (c) will become 



1 , 3 — 1 

7 2/' ~ 2r' 
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From wkeoee we infer, 

8/xj; 
J - f—2r ' • ^^^• 

If IB, orf, therefore, be greater than twice the radius,/' will be 
positive, and will therefore lie within the surface A b o at a distance 
from B determined by the formula (d). In this case the rays diverg- 
ing from T,fig^ 328., will be made to converge after refraction to r. 

Bat if the distance I B or / be less than twice the n^dius, then the 
preceding value oi f will be negative, and must consequently be 
taken to the left of b, as at is! ^ fig. 828. Consequently, in this case, 
rays after refraction will diverge, as if they had proceeded from b'. 

In fine, if i B be equal to 2 r, then the value of/' will be infinite, 
which indicates that in such case the refracted rays are parallel, their 
points of intersection being at an infinite distance. 

By like reasoning, the position of the focus of refracted rays which 
aorresponds to every other variety of position of the focus of incident 
rays may be determined. 

Principal and secondary pencils, — In the preceding observations, 
the focus of incident rays is supposed to be placed upon the axis of 
the spherical surface. Such pencil is, as in the case of reflectors, 
ealled the principal pencily and the axis the principal axis. 

When the focus of a pencil of rays is not on the axis of the refract- 
ing surface, or if it be a parallel pencil when its rays are not parallel 
to such axis, it is called a secondary pencil ; and its axis, which is 
the ray passing through the centre of the refracting surface, is called 
a secondary axis. 

The focus of refracted rays of a secondary pencil lies upon its axis, 
and is determined in the same manner as in the case of a principal 
pencil. The rays, however, from such a pencil will only be refracted 
to the samfi point provided the distance of its extreme rays from the 
axis, measured on the spherical surface, does not exceed a few degrees. 
If the rays be refracted beyond this limit, they will not be collected 
into a single point, but will, as in the case of reflectors, be dispersed 

over a certain space, and produce an aberration of sphericity. 

•* 

CHAP. X. . 

PBOPSBTISS OF LENSES. 

1027. Lens defined. — When a transparent medium is included 
between two curved surfaces, or a curved surface and a plane sunacei 
it is called a lem. 
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Lenses are of various species, according to tbe characters of the 
carved surfaces which bound them ; but those which are ahnost ex- 
clusively used in optical instruments and in optical experiments, are 
bounded by spherical surfaces, and to these, therefore, we shall here 
limit our oDservations. 

Spherical surfaces, combined with each other and with plane sur- 
faces, produce the following six species of lens, which are denomi- 
nated converging and diverging lenses, because, as will be explained 
hereafter, the first class render a pencil of parallel rays incident upon 
them convergent, and the second class render such a pencil divergent. 
1028. Three forms of converging lenses, — meniscus, double cof^ 
vex, and plano-convex, — Converging lenses are of the three follow- 
ing species : — 

I. The' meniscus. The form of this lens may be conceived to be 
produced as follows : — 

Let A B and a' b' (/, 
fig, 329., be two circular 
arcs, whose middle points 
are B and b', and whose 
o^ o* centres are o and o', the 

radius o b being greater 
than the radius o' b'. 
Let the two arcs be sup- 
Fig. 329. posed to revolve round a 
line o o' b b' as an axis, 
and they will in their revolution produce a solid of the form of the 
meniscus lens. 

It is evident from this that the convexity a' b' (/ of such a lens is 

greater than its concavity 

AjW A A B c, the radius o' b' of 

M . the convexity being less 

H than the radius o 6 of the 

b' W b concavity. 

^ H II- Double convex lens. 

H The form of this lens may 

J^^ in like manner be con- 

ceived to be produced as 
Fig. 330. follows :— 

Two circular arcs, a b o and a' b' (f,fig, 330., whose middle points 
ve b and b', and whose centres are o and o', being conceived to re- 
volve round a line o b' b o' as an axis, will, by their revolution, pro- 
duce the form of this lens. The convexities of the sides will be equal 
or unequal according as the radii o B and o' b' are equal or unequal. 
III. Plano-convex lens. The form of this lens may be conceived 
to be produced as follows : — 

Let a' b' (/, fig, 331., be a circular arc, whose middle point is b', 
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and whose centre b </; tod let 
A B be a straieht line at right 
angles to b' (/, whose middle point 
is B. If a figare thus formed re- 



<y Tolve round the line (/ b' as an 
axis, it will produce the form of a 
plano-convex lens, the side A b o 
being plane, and the side a' b^ </ 
being convex. 

Fig. 331. 1029. Three forms of diverg- 

ing lenseSj — eoncavo - eonvexy 
double concave, and plano-concave. — Divei^^g lenses are of the 
three following species : — z 

I. Concaoo<onvex lens. To form this lens, as before, proceed as 
follows : — 

Let ABO and A' b' o',Jig. 882., be two circular arcs, whose middle 
points are B and b', whose centres are o and o', and whose radii are 
o V and oT b' ; the latter being greater than the former. K this be 




Fig. 332. 

supposed to revolve round the line o' o a b' as an axis, it will produce 
the form of a concavo-convex lens. Since the radius of the concave 
side A B is less than the radius of the convex side a' b' </, the eon* 
cavity will be greater than the convexity. 

II. Double concave lens. The form of this lens may be supposed 
to be produced as follows : — 



6^ 




Let ABO and a' b' o'yjig. 333., be two circular arcs, whose middle 
points are b and b', and whose centres are o and o'. Let this figure 
be supposed to revolve round the line o o' as an axis, and it will pro- 
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dQoe tiie form of a doable oonoave lens. The ooncanties will be 
equal or unequal; acoordiog as the radii o b and o' b' ai.i equal or un- 
equal. ^ 

III. Plano-concave km. Tbia lens may be eonceiTiod to be pro* 
duoed as follows : — 



Fig. 334. 

Let ABO, Jig. 884., be a circular arc, whose middle point is B, and 
whose centre is o. Now let a'b' (f he a straight line perpendicular 
to o B, whose middle point is b'. Let this figure be supposed to re- 
volve round o b b' as an axis, and it will produce the form of a plano- 
concave lens. 

1030. The axis of a lens. — In all these forms of lens the line 
o b bMs called the axis of the lens. 

1031. The effect produced by a lens on incident rays. — To deter- 
mine the effect produced on a pencil of rajs by a lens, we shall first 
take the case of the meniscus. 




Fig. 335. 

Let o,Jig. 335., be the centre, and o b the radius of the concave 
surface A bo. Let & be the centre, and o'b' be the radius of the 
convex surface a' b' (/. Let i be the focus of a pencil of rays inci- 
dent upon the sur&ee a b c. Let r' be the focus to which the rays 
of this pencil would be refracted by the surfieioe ABO, independently 
of the sur&oe a' b' c'. 

The pencil whose focus is this point r' will then be incident upon 
the second surface a' Bf (f of the lens, and the rays from this pencil 
beinff again refracted by the second surface will have another focus R, 
which will be the definitive focus of the rays after refraction by both 
surfaces of the lens. 

In this, and in all other cases of lens, it will be necessary that the 
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tliickness b b' of the lens may be disregarded, being inoon^derable 
compared mih. the other magnitades which enter into computation. 

Now let the distances of me foci I, R', and R from the middle point 
B or b' of the lens be expressed respectively by/,/", and/'; and 
let the radii o B and o'b' be expressed by r and r' ; we shall then 
have, by what has been already explained respectmg refiractmg snr- 
fiioeS; the following conditions : 

1 n 1— n 

/ /'- r • 

r f^f"' 

In this case n is the index of refraction from air into the medium 
of the lens, and n' is the index of refraction from the medium of the 
lens into air. 

By what has been abeady explained, these two indices are recipro- 
cals, and consequently their product is equal to unity, so that we shall 
have n X »if = 1. 

Now if we multiply the latter equation by n, we shall have 

n n X n'^ n — n x n' 

but since fi X n' = 1^ this will become 
n^_l n — 1 

Jbi cymbining this with the first equation we shall have 

1_1 _ 1 — » 1 — « . . (e). 
7 f" r -^V- 

By these conditions the distance/' can always be determined when 
/, r, r', and n are known ; that is to say, the position of the focus of 
refracted rays can always be determined when the position of the 
focus of incident rays, the radii of the lens, and the index of refrac- 
tion are known. 

This formula (e), by a due attention to the signs of the quantities 
which compose it, may be applied to lenses of every species. If the 
focus of incident rays lie to the right of the lens, as in^^. 335.,/ 
must be taken to be positive; if to the left of the lens,/ must be 
taken negatively. If the centre of either surface lie to the right of 
the lens, the radius will be taken positively; and if to the left of the 
lens, it will be taken negatively. K one of the surfaces of the lens 
be a plane surface, it may be considered as having an infinite radius ; 
and accordingly, the term of the equation (e) in the denominator of 
which such radius enters will become equal to 0, and will therefore 
disappear from the equation. 

When the value of/', which determines the distance of the focus 
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of refracted rays from B, will have been found by the equation (k), it 
must be taken to the right of the point b if it be positive, and to 
the left if it be negative. 

1032. To determine the principal focus of a lens, — If the inci- 
dent rays whose focus is i be refracted parallel, then the distance/' 
of the focus of refraction from b will be infinite, and consequently, we 

shall have 57 = 0. Now, in this case, l will be the principal focus 

fbr parallel rays incident upon the surface V b' o'. Let this be ez* 
preraed by F, and we shall have by the equation (e) 

1 1— n 1 — n 
r" r f' ' 

from which we infer, 

a formula by which the distance of the focus of parallel ^rays incident 
upon a' b' (? can always be calculated. 

If the incident rays be parallel, their focus I will be at an infinite 

distance, and we shall have -r: = 0. In this case, the focus R will 

be the principal focus of the parallel rays incident upon the surface 

ABO. 

Let the distance of this focus from b be expressed by r', and we 
shall find as before from equation (e), • 

^-~\\ — n){f-r) • • W- 

Thus it appears that 7 and if differ in nothing save in their sign, 
the one being positive and the other negative ; the inference mm 
which is, that parallel rays, whether incident on the one or the other 
surface of a lens, will be refracted to points equally distant from the 
lens, but on opposite sides of it. 

1033. The focal length of a lens. — The common distance of 
these principal foci from the lens is called the focal distance or focal 
length of the lens, 

1034. T%e meniscusy double convex^ and planoconvex, are eof^ 
vergetU lenses. — If the lens be a meniscus, and composed of a re- 
fracting substance more dense than air, it will render a parallel pencil 
incident upon either of its surfaces convergent, and its principal foci 
will consequently be real. This follows as a consequence from the 
formulae (f) and (a) ; for in the case of a meniscus, r^ is less than 
r, and, consequently, the value of F given by the formula (f) is posi- 
tive, and the value of f' given by the formula (a) is negative ; con- 
pequently, the focus of peoallel rays incident upon a' b' ^ lies to the 
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right of the lens, and the focus of parallel rays incident on A B 
lies to the left of it. Parallel rays are therefore rendered convergent 
after refraction, and the foci are real in whichever direction they may 
pass through such a lens. 

It is easy to show, that the same will be true for double convex 
and plano-convex lenses. In the case of double convex lenses, the 
radius r is negative and r' positive ; the consequence of which is, that 
the value of F is positive, and f' negative. In the case of plano- 
convex lenses, the radius r is infinite, and the formuke (f) and (a) 
become 



Thus it appears, that in all the three forms of convergent lens, 
parallel rays, whether incident on the one surface or on the other, 
are refracted, converging to a focus on the other side of the lens; and 
the foci in all such cases are consequently real. 

1035. Concavo-convex^ double concave^ and plano-concave^ are 
divergent lenses. — It is easy to show, by the same formulae, that 
parallel rays incident on every species of divergent lens will be re- 
fracted diverging from a point on the same side of the lens as that at 
which they are incident. 

In the case of the concavo-convex lens, the radius r' is greater than 
the radius r ; and since it is greater than 1, the value of f (^ven in 
the formula f) will be negative, and the value of f' (given in the 
formula o) positive. Thus it appears that the principal focus of 
parallel rays incident on the surface A b Cy Jig» 332., will be to the 
right of B, and the principal focus of the rays incident on the surface 
a' b' (/ to the left of b, the foci in each case being at the same side 
of the lens with the incident rays; and, consequently, being in such 
case imaginary. 

In the case of the double concave lens, the radius / is negative ; 
and since n is greater than 1, the value of F will be negative, and that 
of f' positive. - 

In the case of the plano-concave lens, the value of r' is infinite j 
and since it is greater tiian 1, F will be negative, and f' positive. 

Thus it appears that in all the forms of divergent lenses, parallel 
rays incident upon their sur&ces are refracted, diverging from a focus 
on the same side of the lens as^hat at which they are incident. 

It is from this property that the two classes of convergent and 
divergent lenses have received their denomination ; and it is evident, 
therefore, that the meniscus and plano-convex lens are optically 
equivalent to a double convex lens, and that the concavo-convex and 
plano-concave lens are optically equivalent to a double concave lens. 

1036. Case of a lens with equal radii and convexities in the same 
direction, — Among the varieties presented by the preceding formuliB| 
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there is an exoeptional case which requires notice. If the radii of the 
two surfaces of a lens he equal, and their centres he hoth at the same 
Bide of the lens, the lens will hold an intermediate place hetween a 
meniscus and a concayo-conyex. In the former, the radius of the 
conyex surfiuse is less than that of the concaye sur£ioe ; and in the 
latter, the radius of ihe concaye surface is less ihan that of the con* 
yex surfiuse. These radii might, howeyer, he in each case as nearly 
equal as possihle, the lenses actually retaining their specific characters. 
Each species, therefore, would approach inde&iitely to an intermediate 
lens whose surfaces would haye equal radii. 

It is eyident that the condition which would render equal the radii 
r and r^, and dye them the same sign, would render hoth the focal 
distances v and e' infinite, their denominators beins nothing. 

To comprehend this it is only necessary to consider that in the case 
of the meniscus and the concavo-convex lens, the more nearly equal 
the radii r and r^ are, the less will be the denominators of the values 
of F and i^ ; and, consequently, the greater will be these values them- 
selves, and if we suppose the difierence between the radii to be in- 
finitely diminished, the values of f and i^ will be infinitely increased. 
These conditions lead to the inference that if the radii of the two sur- 
faces he equal, the focus of parallel rays incident upon these two 
surfaces will he infinitely distant from the lens, that is to say, parallel 
rays will be refracted parallel. 

Thus it appears that a lens formed by spherical surfaces, whose 
radii are equal, and whose centres lie at the same side of the lens, 
will have no effect on the direction of rays proceeding through it, and 
that such lens will be equivalent to transparent plates with parallel 
surfaces. 

An example of such a lens as this is presented in the usual form 
of a watch-glass. 

1037. Lenses may he solid or liquid, — Lenses may be composed 
of any transparent substance, whether solid or liquid. 

If they be composed of a solid, such as glass, rock crystal, or 
diamond, they must be ground to the required form, and have their 
surfaces polished; if they be composed of liquid, they must then be 
included between two lenses, such as has been just described, having 
themselves no refracting power, and having the form required to be 
given to the liquid lens. 

Thus, two watch-glasses, placed with their concavities towards each 
other, and so inclosed at the sides as to be capable of holding a liquid, 
would form fi double convex liquid lens. If their convexities were 
presented towards each other, they would form a double concave liquid 
lens. 

1038. Rules for finding the focal length of lenses of glass, — 
The material almost invariably used for the formation of lenses in 
optical instruments being glass, it will be useful here to me the 
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prinoipd formolaSj Bhowing the position of the focas in lenses of this 
material. 

In the case of glass^ the in jex of refraction^ the incident rays being 
supposed to pass from air into that medium^ is | : the formulas (sj 
and (f) therefore^ in this case^ become 

1 1 - J- } 
f /■"2r' 2r- 



(E'). 



By the latter formula^ the focal length of a glass lens can always be 
found. 

In its application, however, it is necessary to observe that when the 
convexities of the surface of the lens are turned in opposite direc- 
tions, as in the cases of double convex and double concave lenses, the 
denominator will be the sum of the radii ; and if they are turned in 
the same direction, as in the case of the meniscas, and the concave* 
convex lens, it will be the difference of the radii. The following 
peneral rule will always serve for the determination of the focns when 
both sur&ces of the lens are spherical 

RULE. 

Divide twice the product of the radii by their difference far the 
meniscus and concav(hconvex lenses^ and by their sum for the double 
convex and double concave lenses. The quotient will in each ca^e be 
the focal length sought. 

To find the focus of a plano-convex or a plano-concave lens, we are 
to consider that it has been already proved that the focal length is 
gLYen by the formuU 

r 

F= =. 

It — 1 

Q 

«nd since n is ?-, we shall have 

F = 2r; 

that is to say, the focal length of a plano-convex or plano-concave lens 
is double the radius of the convexity or concavity. 

If a double convex or double concave lens have equal radii; then the 
formula (e') becomes 

p = r. 

The focal lengthy therefore^ of such a lens is equal to the radius of 
dther surface. 
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Far the same daas of lens the formuk (e^ becomes 
1_1__1 

where r expresses the common magnitude of the radii of the two mU' 
faces. From this we infer, 

which supplies the following rule for finding the focus of refracted 
rayS; when the focus of incident rays is giyeh. 

RULE. 

Multiply (he common radius of the two surfaces hy the distance 
of the focus of incident rays from the lens, and divide the product 
by the difference between the radius and the distance of the focus of 
incident rays from the lens. 

If the distance of the focus of incident rays from the lens in this 
case he less than the radius, the value of f will he positive^ and the 
focus of re&acted rays will lie at the same side of the lens with the 
focus of incident rays ; hut if the value off he greater than r, then 
the value of/' will he negative, and the focus of refracted rays will lie 
at the other side of the lens. 
^X 1039. Case of secondary pencils, — We have here considered those 
' cases only' in which the focus of the incident pencil is placed upon 
the axis of the lens, or of pencils whose rays are parallel to that axis. 
The focus of the refracted rays may, however, he determined hy the 
same formula for secondary pencils whose axes, passing through the 
centre of the lens B, are inclined to its axis, provided only the incli 
nation he not so great as to produce such spherical aherration as may 
prevent the rays from having an exact, or nearly exact, focus. 

1040. Field of a lens. Opening of a lens.— If x x%Jig. 336., he 
the axis of the lens, and Y Y he the greatest angle at which the axis 
of the secondary pencil can be inclined to x x', so that the rays may 
have a nearly exact focus, the angle included between the two second- 
ary pencils y y' is called ihefeld of the lens. 




Fig. 336. 
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The angle formed by lines drawn from the edge of the lens to its 
principal focus is called the opening of the lens ; and this opening can- 
not in general exceed 10^ or 12° without producing an aberration of 
Bphericitj; which would prevent the rays of, the pencil incident upon 
it from having an exact focus. 

1041. Images formed by lenses. — The images of objects formed 
by lenses are explained upon the same principles as have already been 
applied to the case of spherical surfaces. If an object, whether it be 

'gelf-luminous like the sun, or receive light from a luminary like the 
moon, be placed before a lens, each point upon its surface may be 
considered as a point from which light radiates in all directions. Such 
a point will be then the focus of a diverging pencil incident upon the 
lens, the base of the pencil being the surface of the lens. 

If the pencils which thus diverge from all points of the object be 
rendered, after refraction by the lens, convergent, they will have real 
foci on the other side of the lens, and the assemblage of such foci 
will form an image of the object. But if these pencils, after pass- 
ing through the lens, be divergent, their foci will be imaginary, and 
will be placed at the same side of the lens with the object. 

These pencils would in such case be received by an eye on the 
other side of the lens as if they had originally proceeded from these 
points, which are the foci of the refracted pencils. 

The assemblage of these pointa would thus form an imaginary 
image. 

All these circumstances are analogous to those which have been 
already explained in the case of reflectors. They will, however, be 
rendered still more intelligible by explaining their application to 
-glass lenses. 

1042. Every lens, whatever he its form, can he represented hy a 
double convex or double concave lens with equal radii. — Since all 
converging lenses, having equal focal lengths, are optically equivalent, 
a double convex lens with equal radii can always be assigned, which 
is the optical equivalent of any proposed converging lens, whether it 
be meniscus, double convex with unequal radii, or plano-convex. 

Since, in like manner, all diverging lenses having equal focal 
lengths are optically equivalent, a double concave lens with equal 
radii may always be assigned, which is the optical equivalent of any 
proposed diverging lens, whether it be concavo-convex, double con- 
cave with unequal radii, or plano-concave. 

1043. Image formed by double convex lens. — It will therefore be 
sufficient to investigate the effects of double convex and double con- 
cave lenses with equal radii. 

Let A B Cy fig. 337., therefore, be a double convex lens, with equal 
radii ; and let L M be an object, the centre of which is upon the axis 
of the lens, and placed beyond the principal focus F. Let the distance 
of this object from b be expressed by/; let the distance of its image 
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Fig. 337. 

be fy and the focal length of the lens, or its radius, be r. By what. 
has been already exolained, we shall have 



«nd, therefore, 

Sinoe the distance of the object from the lens is supposed to be 
greater than bp, we shall have /greater than r; and dbnsequently/' 
will be negative, which indicates that the image of L M will lie on the 
other side of the lens. 

It appears also, by the preceding formula, that the distance/ of 
the image from the lens will be greater than r, and the image / m 
will therefore lie beyond the point f'. 

If we draw L B Z, this line will be the secondary axis of the pencil 
whose focus is at l, and consequently the focus of refracted rays will 
be at Z ; so that an image of the point L will be formed at /. In like 
manner it may be shown, that an image of the point M will be formed 
at m ; and in like manner the images of all the points of the object, 
such as, 1, 2, 3, 4, 5, between l and M, will be formed at correspond- 
ing points 1, 2, 3, 4, 5 between I and m. It is evident, therefore, 
that in this case the image will be inverted. 

1044. Conditions which determine the magnitude of the image. — 
Since the axis of the extreme secondary pencils L I and M m intersect 
at the centre of the lens, we shall have the following proportion : — 

LM : Zift : : LB : Zb; 

or, which is the same, 

LM : Zifi ::/:/; 

that is to say, the magnitude of the object is to that of its image, as 
their distances respectively from the lens. The image, therefore, 
will be greater, equal to, or less than the object, according as / is 
greater, equal to, or less than /. 

Now, it appears by the preceding formula, that if/ be equal to 2 r, 
/ will also be equal to 2 r; that is, if the distance of the object 
from the lens be twice the focal length of the lens, the distance of 
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tlie image on the other side of the lens will also be twice the focal 
length ; the image, therefore, in this case will be equal to the object 

An object l m being moved towards f, so as to have less distance 
-from the lens than twice its focal length, the value f given by the 
preceding formula becomes greater than/, and increases as the object 
approaches F. It appears, therefore, that as L M approaches F, its 
image I m recedes from T^ in the direction V x*, and that consequently 
the distance of the image from the lens being greater than that of 
the object, its magnitude will be greater in the same proportion. 

When the object L M comes very near f, the denominator in the 
preceding formula becoming very small, the magnitude of /' becomes 
very great, and if we suppose l m to arrive at p, then the denomi- 
nator becomes o, the value of /' becomes infinite, and consequently 
the image I m would recede to an infinite distance from the lens, and 
in efiect ceas^ to exist. 

This circumstance is only what might have been anticipated ; for 
when an object L M is placed at f, a pencil of rays proceeding from 
any point in it, such as L, will, after passing through the lens, become 
parallel; and having no point of convergence, it cannot form an image 
of the pencil L ; and the same will be true of any point in the object. 

But although no image of the object thus placed in the principal 
focus of the lens will thus be formed, the lens, in such a position 
with reference to the object, is attended with optical^ effects of great 
importance, which will be explained hereafter. 

Let us again suppose an object l m placed at a distance from the 
lens equal to twice its focal length, and the image / m placed at an 
equal distance at the other side of the lens. If we now suppose the 
object, instead of approaching F, to recede from it in the direction 
F X, the distance /being greater than 2 r, it follows that the magni- 
tude of f will be less than 2 r; and the farther the object L M is re- 
moved from the lens, and consequently the more its distance from the 
lens exceeds twice the focal length, the nearer will the image Z m ap- 
proach to f'. 

1045. Images of very distant objects are formed at the principal 
focus. — If we suppose the object l m to recede to a distance actually 
infinite, then the value of /' would become equal to r, and the image 
I m would coincide with the principal focus f'. This would lead to the 
inference that the image of a distant object can never be in the principal 
focus of the lens, because such a supposition would involve the con- 
dition that the distance of the object must be actually infinite. 

But, practically, it is found, that if the diameter of the lens beai 
an insignificant proportion to the distance of the object from it, the 
image of the object will be formed at its principal focus. This is 
easily explained by reference to the conditions which determine the 
position of the principal focus. 

It will be recollected, that the point f' is the focus to which paraU 
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lei rays incident upon the lens A b o would be made to conyerge. 
Now, if L M be so distant from the lens that the rays proceeding from 
any point upon it, such as l, and incident upon the lens, may 1^ con- 
sidered as parallel, these rays will converge to the principal focus. 

This will be the case, provided that the diameter of the lens, which 
is that of the base of the pencil, is incomparably less than the dis- 
tance of the object from the lens. Thus, let us suppose the diameter 
of the base to be 4 inches, and the distance of the object to be 80 
feet; the distance will in this case be 240 times the diameter of the 
lens, and the angle of divergence of the pencil would consequently be 
less than a quarter of a degree. A pencil which has such a diverg- 
ence as this would be refracted to a point not sensibly different from 
the principal focus. 

It is evident, that as an object recedes to an increasing distance 
from the lens, the image approaching the principal focu£k e' diminishes 
in magnitude in proportion to the distance from the lens ; and when 
l^e image is formed at the principal focus, the lines I b, m b drawn 
from its extremities to the centre of the lens will form an angle equal 
to that which would be formed by lines drawn from the extremities 
of the object to the same point. 

1046. Experimental Ulustraiwns, — All these circumstances admit 
of eafiy experimental verification. Let p be a point on the axis at a 
distance fix>m B equal to 2 b f, so that p f shall be equal to b f. — 
Let the flame of a candle be held at l M between f and P, the lens 
A being inserted in an aperture formed in a screen so as to exclude 
the light of the candle from the space to the left of the lens. If a 
white screen be held at right angles to the axis and behind the lens, 
and be moved to and fro, until a distinct inverted image of the candle 
shall be seen upon it, its distance from the lens when this takes place 
will be found to be greater than twice the focal length, and to corre- 
spond exactly with that which would be computed by the preceding 
formula. If the candle be moved towards P, the image will become 
indistinct upon the screen, but will recover its distinctness by moving 
the screen towards f'; and if the candle be placed at p, the screen 
being placed at a distance from B equal to twice B f', a distinct image 
will be formed on the screen equal in magnitude to the object. If 
the candle be moved from p towards X, the screen must be moved 
towards f' to preserve the image distinct; and if the candle be gradu- 
ally moved in the direction P x, the screen must be continually moved 
towards f'. If the candle be moved to so great a distance from the 
lens that the diameter of the lens shall have an insignificant propor- 
tion to its distance, then a distinct image will be formed on the screen 
placed at the principal focus f'. If the candle be placed at the prin- 
cipal focus F, then the screen will show no image of it in whatever 
position it may be placed behind the lens, but will exhibit merely an 
illuminated <&k formed by parallel rays composing the refracted 
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pencils into which the pencils proceeding from such point of the 
candle axe converted bj the lens. 

Let us now suppose such object placed at L u^fig* 338., between the 
principal focus F and the lens. In this casC; / being less than r^ the 




Fig. 338. 

yalue of/' obtained by the preceding formula will be positive, and, 
consequently, the focus of refracted rays will lie at the same side of 
the lens with the focus of incident rays. If then the pencil of rays 
diverging from L pass through the lens, it will after refraction diverge 
from the point I, more distant from the lens than l. In like manner, 
the pencil diverging from m will after passing through the lens diverge 
from m ; and the same will be true of all the intermediate points of 
the object, so that the various pencils which diverge from differ- 
ent points of the object and pass through the lens will after refrae- 
tion diverge from the corresponding points of Im. The image, there- 
fore, in this case will be imaginary, and an eye placed to the left of 
the lens A b o would receive the rays of the various pencils as if they 
diverged, not from a point of the object L M, but from points of the 
imaginary image / m. 

The magnitude of the image in this case will be greater than the 
object in the same proportion as / B is greater than L B. 

As the object l m is moved towards F, its distance /from the lens 
will approach to equality with r, and the denominator of /' in the 
preceding formula diminishes, and consequently the distance of its 
image from the lens will be proportionally increased ; therefore, as the 
object L M is moved towards F, its image Im will recede indefinitely 
from the lens, and would become infinite in distance and magnitude 
when the object arrives at F, which is consistent with what has been 
already explained of the principal focus. 

It appears, therefore, that whenever the object is between the prin- 
cipal focus and the lens, its image will be at a greater distance from 
the lens on the same side of it, and will be erect, imaginary, and 
greater than the object. 

1047. Images formed by concave lenses, — If an object l m,^^. 
339., be placed before a double concave lens A B c, the focus corre 
sponding to the several points of the object will lie between the object 
and the lens, at distances determined by the formula 
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Fig. 339. 

It is evident from this formula that/' is less than/, and that oon« 
sequentlj the distance of the image / m from the lens is less than the 
distance of the object from it. It appears also that the distances 
/and/' increase and diminish together, so that when the distance of 
an object from the lens L M is augmented, the distance of its image 
Im will also be augmented. But the distance of the image from the 
lens can never be greater than the focal length of the lens, because, 
as the distance of the object is indefinitely increased, the value of/' 
obtained from the formula approaches indefinitely to equality with r, 
though it can only become equal to it when the distance of the object 
becomes infinite. 

1048. Spherical aberration, — We have hitherto considered that 
the pencils of rays preceding from the lens were brought to an exact 
focus, and this would be practically the case if the angles of incidence 
of the extreme rays of the pencils do not exceed a certain limit ; but 
if, from the magnitude of the lens, or the proximity of the object, 
this be not the case, effects will be produced which have been called 
'spherical aberration, which it will be necessary here more clearly to 
explain. 

Let AB C,Ji^, 340., be a plano-convex lens, having its plane side 





Fig. 340. 



Fig. 341. 



presented to the incident rays. Let a circular disk of card or suffi* 
ciently thick paper be formed, a little less in diameter than the lens, 
and let it be attached concentrically with the lens upon the plane side, 
80 as to leave a narrow ring of the glass uncovered round the edge of 
the lens, as represented in Jig. 341. 

If this lens be now presented to a distant object, such as the sun, 
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&jtie bat the extreme rays of each pencil will pass through it^ and an 
image will be formed of the sun by these extreme rays at F, which 
will therefore be the principal focus of an annulus of parallel rays 
passing through the edge of the lens. Now let another circular piece 
of paper or card be cut so as to cover an annular surface surrounding 
the edge of the lens, and another to cover the central portion of it, 
80 as to leave a ring of the surface uncovered at some distance within 
the edge, as represented in^. 342. The lens being again presented 
to the sun, it will be found that an image will be formed at '^,fig* 
S40.y somewhat more distant from the lens than f. 





Fig. 342. Fig. 343. 

If, in fine, a disk of card be cut, equal in magnitude with the lens, 
having a small circular aperture at its centre, as represented in fig, 
848., and be in the same manner attached to the lens, so as to aUow 
only the central rays of each pencil to pass, an image of the sun will 
be formed at ^',fig* 840., still further from the lens. 

It appears, therefore, that those rays of the pencil which are 
nearest the centre will have a focus further from the lens than those 
which are more distant from it, and the more distant the rays of each 
pencil are from the axis of the lens, the nearer their focus will be to 
the lens. 

If the lens being uncovered be therefore presented to the sun, the 
rays incident near its edge will be refracted to the focus F, and after 
passing that focus will (Sver^e in the direction F L and F M. The 
rays incident nearer to the centre wi^ intersect at f', and will diverge 
to l' m', while the rays nearer the axis will intersect at f^'. 

1049. Longitudinal and lateral aberrations, — The distance F if' 
measured on the axis between the focus of the extreme rays which 
pass through the edge of the lens, and the focus of the central rays 
along which the foci of all the intermediate rays are placed, is called 
the longitudinal aberration : the point f'', which is the focus of the 
central rays, is called the principal focus of the lens , 
and the circle whose diameter is L M, over which the ruys 
are spread, is called the lateral aberration. 

1050. Experimental illustration. — These efifects may 

be rendered apparent by holding a white screen at f", at 

right angles to the axis of the lens. An image of the 

sun will be formed round f", and beyond the edge of 
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1 
tliig image will be formed a ring or halo of light, growing fiJnter 
from the central image outwards, as represented in^. 344. 

1051. Magnitude of spherical aberration in different forms of 
lenses, — The magnitude of the spherical aberration varies in the 
different forms of lenses, 

1. In a plano-convex lens with its plane side turned to parallel 
rays, that is, turned to distant objects if it is to form an image behind 
it, or turned to the eye if it is to be used in magnifying a near object, 
the spherical aberration will be 4} times the thickness. 

2. In a plano-convex lens with its convex side turned towards 
parallel rays, the aberration is only 1^,^ of its thickness. In using 
a plano-convex lens, therefore, it should always be so placed that 
parallel rays either enter the convex surfiioe or emerge from it. 

8. In a double convex lens with equal convexities, the aberration 
is l{^n of its thickness. 

4. In a double convex lens, having its radii as 2 to 5, the aberra- 
tion will be the same as in a plano-convex lens in Eule 1., if the side 
whose radius is 5 is turned towards parallel rays ; and the same as the 
plano-convex lens in Rule 2., if the side whose radius is 2 is turned 
to parallel rays. 

6. The lens which has the least spherical aberration is a double 
convex one, whose radii are as 1 to 6. When the face whose radius 
is 1 is turned towards parallel rayS; the aberration is only ly}^ of its 
thickness. 

These results are equally true of plano-concave and double concave 
lenses. 

If we suppose the lens of least spherical aberration to have its 
aberration equal to 1, the aberration of the other lenses will be as 
follows: — 

Best form, as in Rule 6 1000 

Double convex or concave, with equal curvatures 1*561 

Plano-convex or concave in best position, as in Rule 2.. 1*093 

Plano-convex or concave in worst position, as in Rule 1. 4*206 
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ANALYSIS OP LIGHT. 

1052. Solar light, a compound principle. — In the preceding chap- 
ters, light has been regarded, in relation to transparent media, as a 
simple and unoompounded principle, each ray composing a pencil being 
Bubject to the same effects. 

* That all light is not thus subject to uniform effects, is rendered 
nanifest by the following experiment of Newton : — 
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Let a pencil of parallel rajs of solar light be admitted througli a 
circular opening Vjfig, 345; about half an inch in diameter^ made in 




Fig. 345. 

a fitoreen or partition 8 t^ all other light being excluded from the space 
ViiUi which the pencil enters. If a white screen x z be placed parallel 
to s T^ and at a distance from it of about 12 feet, a circular spot of 
light nearly equal in diameter to the hole will appear upon it at p^, 
the point where the direction of .the pencil meets the screen. Now 
let a glass prism be placed at A B C, with the edge of its refracting 
angle b in a horizontal direction, and presented downwards so as to 
receive the pencil upon its side A b at Q. According to what has 
been already explained, the pencil would be refracted, in passing 
through the surface A b, in the direction Q L towards the perpendicu- 
lar ; and it would be again refracted in emerging from the surface OB 
from the perpendicular in the direction L K. It might therefore be 
expected that the effect of the prism would be merely to move the 
^pot of light from p^ to some point, such as k, more elevated upon 
the screen. The phenomenon, however, will be very different. In- 
stead of a spot of light, the screen will present an oblong coloured 
space, the outline of which is represented at M N as it would appear 
when viewed in front of the screen. 

1053. The prismatic spectrum. — The sides of this oblong figure 
are parallel, straight, and vertical ; its ends are semi-circular, and its 
length consists of a series of seven spaces, vividly coloured, the lowest 
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spaoe being red, R ; the next in ascending orange, o ; and the succeed- 
ing spaces yellow, Y ; green, o; light blue, b; dark blue or indigo, i; 
and, in fine, yiolet, y. 

These several coloured spaces are neither equal in magnitude nor 
uniform in colour. The red space b, commencing at the lowest point 
with a faint red, increases in brilliancy and intensity upwards. ' The 
red, losing its intensity, gradually melts into the orange, so that there 
is no definite line indicating where the red ends and the orange begins. 
In the same manner, the orange, attaining its greatest intensity near 
the middle of the space, gradually melts into t£e yellow ; and in the 
same manner, each of the succeeding colours, having their greatest 
intensities near the middle of the spaces, melts towards its extremities 
into the adjacent colours. 

The proportion of the whole length occupied by each space will 
depend upon the sort of glass of which the prism is composed. If it 
be flint-glass, and the entire length M n be supposed to consist of 360 
equal parts, the following will be the length of each succeeding colour, 
commencing from the red upwards. 

Bed 56 

Orange 27 

Yellow 27 

Green ^ 46 

Blue 48 

Indigo 47 

Violet 109 

860 

It appears, therefore, that the ray of light p q, after passing througV 
the prism, is not only deflected from its original course P Q p', but u 
is resolved into an infinite number of separate rays of light which di 
verge in a fanlike form/ the extreme rays being L K and L k', tho 
former being directed to the lowest point of the coloured space upob 
the screen, and the latter to the highest point. The coloured spacb 
thus formed upon the screen is called the prismatic spectrum. 

1054. Composition of solar light. — From this experiment thv 
following consequences are inferred : — 

1. Solar light is a compound principle, composed of several partb 
differing from each other in their properties. 

2. The several parts composing solar light differ from each other 
in refrangibility, those rays which are directed to the lowest part of 
the spectrum being the least refrangible, and those directed to the 
highest part being the most refrangible ; the rays directed to the in- 
termediate parts having intermediate degrees of refrangibility. 

3. Rays which are differently refrangible are also differently 
coloured. 

4. The least refrangible rays composing solar light are the red rays, 
which compose the lowest division b of the spectrum. But these 
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red rays aie not all equally refran^b)e, nor are they precisely of the 
same colour. The most refrangible red rays are those which are de* 
fleeted to the lowest point of the red space R, and the least refran- 
gible are those which are directed to the point where the red melts 
into the orange. Between these there are an infinite number of red 
rays having intermediate degrees of refrangibility. The colour of 
the red rays varies with their refrangibility, the most intense red be- 
ing that of rays whose refrangibility is intermediate between those of 
the extreme rays of the red space. 

The same observations will be applicable to rays of all the other 
colours. 

5. Each of these components of solar light having a diflerent re- 
frangibility will have for each transparent substance a different index 
of refraction. Thus the index of refraction of the red rays will be 
less than the index of refraction of the orange rays^ and these latter 
will be less than the index of refraction of the yellow rays, and so on, the 
index of refraction of violet rays being greater than for any other colours. 

But the rays of each colour being themselvcb differently refhrngible, 
according as they fall on different parts of the coloured space, they 
will, strictly speaking, have different indices of refraction. The index 
of refraction, therefore, of any particular colour must be understood 
as axpressmg the index of refraction of the middle or mean ray of 
th^i particular colour. Thus, the index of refraction of the red rays 
will be the index of refraction of the middle ray of the red space ; 
the index of refraction of the orange rays will be the index of re- 
fraction of the middle ray of the orange space; and so on. 

It must not^ however, be supposed that a pencil of solar light con- 
sists of separate and distinct rays of the different colours which form 
the spectrum, so that it might be possible by any mechanical division 
of such a pencil to resolve it into such rays. Each individual ray of 
such a pencil is composed of all the rays of the spectrum, just as the 
gases oxygen and hydrogen, which are the chemical constituents of 
water, enter into the composition of each particle of that liquid, no 
matter how minute it be. 

1066. Experiments which confirm the preceding analysis of light, 
— The validity of the preceding analysis of light is confirmed by the 
following observations and experiments. 

If the several rays composing a spectrum be allowed to pass sepa- 
rately through a small hole in a screen, and be received by another 
prism similar to A B c placed behind the screen, with the same angle 
of incidence as that with which p Q is incident upon A b, each ray 
will be r^racted by the second prism, and its angle of deflection will 
be found to be exactly equal to the angle of deflection produced by 
the ^t prism ABC upon it. In this refraction of the second prism, 
tbo ray will not be dilated as the original ray of solar light was by 
thf first prism, and no second spectrum will be formed ; the ray will 
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be merely turned from its direQjbion by the refraction of the prism, 
but will undergo no other change. 

Let a band of white paper, A L, Jig. 346., be divided into seven 
spaoeS; and let those spaces be coloured red, orange, yellow, green, 

light blue, indigo, and violet, seve- 
rally, each colour being of uniform 
tint, and as closely resembling the 
seven colours of the spectrum as 
possible. Let this band be placed 
upon a black ground, and viewed 
through a prism whose refracting 
angle is presented upwards, with its 
edge horizontal and parallel to the 
band A L. The images of the se* 
veral coloured spaces seen through 
the prism will be in positions more or less elevated above A l, accord 
ing to the greater or less refrangibility of the different colored lights. 
The image of the red space b will be seen at r', that of the orange 
space o at o', that of the yellow space y at y', and so on. The im- 
age o' will be a little above b', the image ^ a little above o', and so 
on, as represented in the figure, the image of the violet space y' being 
in the highest position. This phenomenon is obviously the result of 
the relative refrangibilities of the different colours deposited on the 
spaces of the paper band 

Instead of artificial colours, let the spectrum itself be thrown on a 

sheet of white paper in a hori- 
I J/ zontal position A L, ^g, 347., 
which may be done by placing 
the prism which produces the 
spectrum with the edge of its 
refracting angle vertical. Let 
this spectrum A L be viewed 
through a prism having the 
edge of its refracting angle ho- 
rizontal^ and presented upwards. 
The ima^ of the spectrum seen 
through the prism will have 
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the position a^ l', oblique to 



A Lj the violet end being more 
laised than the red end. The coloured space of the image will not 
form, as in^^. 346., a series of ascending steps, but will be included 
in one uniform line. This is explained by the fact already stated, 
that the light composing each of the coloured spaces R, o, Y, &c. of 
the spectrum is not uniformly refrangible. 

The rays which illuminate the red space B increase gradually in 
refrangibility from the extremity A to the boundary of the orange 
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space; and in like manner, the rays which illnminate the orange 
space o increase gradually in refirangibility to the boundary of the 
yellow space ; and so on. 

Hence it is that the boundary of the image of the spectrum is a 
line uniformly inclined to A L. The divisions of the coloured spaces 
in the image correspond, however, with those of the spectrum, each 
colour in the image being vertically above the corresponding colour in 
the spectrum. 

1056. Experimental proof by recomposition. — As the solar light 
is resolved by the prism into the various coloured lights exhibited in 
the spectrum, it might be expected that, these coloured lights being 
mixed together in the proportion in which they are found in the spec- 
trum, white light would be reproduced. This is accordingly found to 
be the case. If the spectrum formed by the prism A b Cyjig, 348., 
instead of being thrown upon a screen, be received upon a concave 




Fig. 348. 

reflector M n, the rays which diverged from the prism and formed th* 
spectrum will be reflected converging to the focus F , and after inter- 
secting each other at that point, they will again diverge, the ray R i 
passing in the direction F r', and v P in the direction F V. 

Now, if a screen be held between p and the reflector, the spectrum 
will be seen upon the screen. If the screen be then moved from the 
reflector towards the focus P, the spectrum upon the screen will 
gradually diminish in length, the extreme colours R and v approach- 
ing each other. When it comes so near to P that the extreme limits 
of the red and violet touch each other, the central poig^ of the spec- 
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tram will become white ; and when the screen arrives at the point r, 
the coloured rays being all mingled together^ the spectrum will be 
reduced to a white colourless spot. 

Just before the screen airiyes at f, it will present the appearance 
of a white spot, fringed at the top with the colours forming the upper 
end of the spectrum, violet, blue, and green, and at the bottom with 
those forming the lower end of the spectrum, red, orange and yellow. 
This effect is explained by the fact, that until the screen is brought 
to the focus F, the extreme rays at the other end of the spectrum are 
not combined with the other colours. 

If the screen be removed beyond f, the same succession of appear- 
ances will be produced upon it as were exhibited in its approach to 
F, but the colours will be shown in a reversed position. 

As the screen leaves f, the white spot upon it is fringed as before, 
but the upper fringe is composed of red, orange, and yellow, while 
the lower is composed of violet, blue, and green ; and when the screen 
is removed so far from the focus F as to prevent the superposition of 
the colours, the spectrum will be produced upon it, with the red at 
the top, and the violet at the bottom, the position being inverted with 
respect to that which the screen exhibited at the o£er side of the 
focus. These circumstances are all explained by the fact that the 
rays converging to F intersect each other there. 

Similar effects may be produced by receiving the spectrum upon a 
double convex lens, as represented in jig, 349. The rays are made 
as before to converge to a focus f, where a white spot would be pro- 
duced upon the screen. Before the screen arrives at F, and after it 
passes it, the same effects will be produced as with the concave re- 
flector. 




Fig. 349. 

The proposition, that the combination of colours exhibited in the 
prismatic spectrum produces whiteness, may be further verified by the 
following experiment : — 

Let a circular card be framed with a blackened circle, and its cen 
tre surrounded by a white circular band, and a black external border, 
as represented in^g. 350. 

Let the white circular band be divided into seven -spaces propor- 
tional in magnitude to the spaces occupied by the seven colours in the 
prismatic spectrum, these spaces being b, o, y, o, b, i, and y. Let 
these spaces be respectively coloured with artificial colours resembling 
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as near as practicable in their tints 
the colours of the spectrum. If the 
centre of this card be placed upon a 
spindle, and a very rapid motion of 
rotation be imparted to it, the ring on 
which the seven colours are painted 
will present the appearance of a grey- 
ish white. In this case, if all the 
colours except one were covered with 
blacky the revolving card would pre- 
sent the appearance of a continuous 

ring of that colour ; and, consequently, 

Fiff. 350. ^ ^^ *^® coloured spaces be uncovered, 

seven continuous rings of the several 
colours would be produced; but these rings being superposed and 
mingled together will produce the same effect' on the sight as if all 
the seven colours were mixed together in the proportion which they 
occupy on the card. If the colours were as intense and as pure as 
they are in the spectrum, the revolving card would exhibit a perfectly 
white ring ; but as the colours of natural bodies are never perfectly 
pure, the colour produced in this case is grejrish. 

This experiment may be further varied by having uncovered any 
two, three, or more combinations of the colours depicted on the card. 
In such case the rotation of the card produces the appearance of a 
ring of that colour which would result from the mixture of the colours 
left uncovered : thus, if the red and yellow spaces remain uncovered, 
the card will produce the appearance of an orange ring ; if the yellow 
and blue remain uncovered, it will produce the appearance of a green 
ring; and so on. 

1057. lAghts of the same colour may have different refrangiUlu 
ties. — Although the phenomena attending the prismatic spectrum 
prove that rays of light which differ in refrangibility also differ in 
colour, the converse of this proposition must not be inferred ; for it 
is easy to show that two lights which are of precisely the same colour, 
may suffer very different effects when transmitted through a prism. 

Let us suppose two holes made in the screen on which the spec- 
trum is thrown in the middle of the space occupied by the blue and 
Vellow colours, so that rays of these colours may be transmitted 
hrough the holes. Let these rays be received upon a double con- 
vex lens, and brought to a focus at ^ifig- 351., upon a sheet of white 
paper, so as to illuminate the spot o'. The colour that it produces 
then will be a green. Let another spectrum be now thrown by a 
prism upon the screen, and let a hole be made in the screen at that 
part of the green space where th^ tint is precisely similar to the 
eoiour produced at o' on the white paper, and let the light which 
passes through this hole fall upon the spot G beyond g'^ 
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The spaces G and o' will then be illumioated by 
lights of precisely the same colour ) but it will be 
easy to show that these lights are not similarly re- 
frangible. 

Let them be viewed through a prism having its 
refracting angle presented upwards. The image 
of the illuminated space G will be seen in a more 
elevated position at g ; but two images will be pro- 
duced of the space g', one yellow, and the other 
blue, at y and 6, the yellow image y being a little 
below g^ and the blue image h a little above it. 
Thus it is evident that the green light on the space 
q' is a compound of yellow and blue, and is se- 
parable into its constituents by refraction, while 
the similar green light on the space G is incapable 
of decomposition by refraction. 

1058. Colours produced hy combining different 
rays of the spectrum, — An endless variety of tints may be produced 
by combining in various ways the colours composing the prismatic spec- 
trum ; indeed, there is no colour whatever which may not be produced 
by some combination of these tints. Thus, all the shades of red may 
be produced by combining some proportion of the yellow and orange 
.with the prismatic red; all the shades of orange may be produced by 
combining more or less of the red and yellow with each other and 
with the orange ; all the shades of yellow may be produced by varying 
the proportion of green, yellow, and orange ; and so on. 

1059. Complementary colours, — If two tints T and if be pro- 
duced, the former T by combining a certain number of prismatic 
colours, and the latter t' by combining the remainder together, these 
two tints T and t' are called complementary, because each of these 
contains just those colours which the other wants to produce complete 
whiteness; and, consequently, if the two be mixed together, white- 
ness will be the result. Thus, a colour produced by the combination 
of the red, orange, yellow, and green of the spectrum in their just 
proportions, will be complementary to another colour produced by the 
^ blue, indigo, and violet in their just proportions, and these two colours, 
/^ ( if mixed together, would produce whiteness. 

/ 1060. Colours of natural bodies generally compound, — Almost 
all colours, natural or artificial, except those of the prismatic spectrum 
itself, are more or less compounded, and their combined character be- 
longs to them equally when they have tints identical with the coloured 
spaces of the spectrum. Thus, a natural object whose colour is in* 
distinguishable from the yellow space of the spectrum, will be found, 
when subjected to the action of the prism, to refract light in which 
there is n\pre or less of green or orange ; and an object which appearo 
blue will be found to have in its colour more or less of green and violet. 
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1061. Method of observing thp spectrum by direct visum. — In- 
stead of receiving Uie spectram on a screen, it may be viewed directly 
bj placing the eye behind the prism A B 0,Jig, 352., at L, so as to 
niceive the light as it emerges. This mode of observing the prismatio 




Fig. 352. 

effects is in munj cases more convenient than by means of the screen, 
colours being thus rendered observable which would be too feeble to 
be visible after reflection from the surface of the screen. It is neces- 
sary, however, to consider that in this manner of viewing the pris- 
matic phenomena, the colours will be seen in an order the reverse of 
that which they would hold on the screen; for if the eye be placed at 
L, it will receive the violet ray which enters in the direction l y as if 
such ray had proceeded from v', and it will receive the red ray which 
enters it in the direction b as if it had proceeded from b' ; the red will 
therefore appear at the top, and the violet at the bottom of the spec- 
trum, when the refracting angle b of the prism is turned downwards. 

But if the refracting angle b be turned upwards, as represented in 
Jig, 353., then the red wiu appear at the bottom, and the violet at 
the top of the spectrum, as will be perceived from the figure. 

1062. Why objects seen through prisms are fringed with colours. — 
In general, when objects are viewed through a prism they appear with 
their proper colours, except at their boundaries, where they are fringed 
with the prismatic tints in directions parallel to the edge of the reflect- 
ing angle of the prism. 

Let A A M M,^g. 354., be a small rectangular object seen upon a 
black ground, the sides A M being vertical, and A A and M M horizontal. 
Let us first suppose that this object has the colour of a pure homoge- 
neous red. If this object be viewed through a prism whose refract- 
ing angle is directed upwards with its edge horiisontal, it will be seen 
in a more elevated position, such as a a m m, as already explained. 

Let us next suppose that the object A A M M has the colour of a 

pure homogeneous orange. When viewed through the prism it will, as 

•already explained, appear in a position bbnn, a little above aamm. 

K we next suppose the object a A M M to be coloured with homo- 
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geneoos yellow, it will be raised by the prism iio e coo, b. little above 
the orange image. 

If it be next supposed to have the colour of a prismatic green, it 
will be seen vA, ddpp, b. little above the yellow image ; and if it be 
coloured light blue, its image will be seen at e e ^ ^, above the green 
image ; if it be dark blue or indigo, its image will be in the position 
//r r ; if it be violet, its image will be in the position g gss. 

Now, if we suppose the object a a m m to be white, that is to say, 
to have a colour which combines all the prismatic colours together, 
then all these several images will be seen at once through the prism 
in the respective positions already described. They will therefore be 
more or less superposed one upon the other, and the image will ex- 
hibit in its different parts those tints which correspond to the mixture 
of the colours thus superposed. 

Hence it appears that the space between a a and b b from which all 
colour except the red is excluded. Will appear red ; in the space be- 
tween b b and c e, in which the orange image is superposed upon the 
red image, a colour will be exhibited corresponding to the mixture of 
these two colours; in the space between c c and d d, the three images 
red, orange, and yellow are superposed, and a colour corresponding 
to the combination of these will be produced. In fine, the colours 
which are superposed between every successive division of the upper 
and lower edges of the combined images are as follows, where the* 
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prismatic colours are designated by the capital letters^ and their mix* 
tore or superposition by the sign + : — 
Between a a and^ft 5 r 

K +0 

» + + T 

R + O + T + G 

E+0+T+e+B 

B+0+T+e+B+I 

R + 0+T + O + B + I + V«W. 

Thus it appears that the spaces ^ ^ of the violet image and the top 
m m of the red image are coloured with a white light, because in this 
space all the seven images are superposed. 

In the space between gg, the bottom of the violet image, an^b^J*^ 
the bottom of the dark blue image, there is a space which is illumi- 
nated by all the prismatic colours except the violet, and this space 
consequently approaches so near a white as to be scarcely distinguish- 
able from it. The space between y^ the bottom of the dark blue 
image, and e e, the bottom of the light blue image, is illuminated by 
all the colours except the dark blue and indigo, and it consequently 
has a yellowish tint. The succeeding divisions downwards towards 
a a become more and more red until they attain the pure prismatic 
red of the lowest division. The colours of the upper extremity of 
the image may in like manner be shown to be as follows : — 

Between s $ and tty 

** rr ** qq v+i 

** 99 '* PP v + I + B 

" pp ** oo v + i + B + a 

** oo ** nn v + i + B + o + T 

" nji ** mm v + i + b + o + y + o 

" mm** gg v + i + B + o + Tf + o + E — w. 

Thus it appears that the highest fringe at the upper edge is violet, 
that those which succeed it are formed by the mixture of violet and* 
blue, to which green and yellow are successively added, until the 
colours become so completely combined that the fringe is scarcely dis- 
tinguishable from a pure white. It is evident, therefore, that at the 
lower extremity the reds, and at the upper the blues, prevail. 

If the object A A M M viewed through the prism be not white, then 
the preceding conclusions must be m^ified according to the analysis 
of its colour. Thus, if its colour be a green, it may be either a pure 
homogeneous green, or one formed by the combination of blue and 
yellow or other prismatic tints. In the former case, the prism will 
exhibit the object without fringes, but in the latter it will be fringed 
according to the composition of its colour, determined by the same' 
principles as those which have been applied to the object a a M M. 

1063. Law of refraction applied to compound solar light, — The 
analysis of light, which has been here explained and illustrated, will 
enable us to generalize and extend the law of refraction explained 
in 979. 
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Let AM By ^1^. 355.|be a trani^Nurent medium having a semi-cy- 
lindrical form, c being its centre. 
Let I be a raj of solar light 
incident at c, the angle of in- 
cidence being i o o. This ray, 
on entering the transparent me- 
dium, willy according to what 
has been already explained, be 
resolved into an infinite number 
of other rays differently re- 
fracted, that which is least re- 
fracted being c R, and that which 
is most refracted being o Y. The 
ray c B is red, and the ray o Y 
is violet; the rays of interme- 
diate colours and intermediate 
refrangibilides being included 
between them. The angle B c M 
is the angle of refraction of the extreme red ray corresponding to the 
angle of incidence i o O, and the angle Y c M is the angle of refraction 
of the extreme violet ray corresponding to the same angle of inci- 
dence. 

The index of refraction of the former will be found by dividing i n 
by B p; and the index of refraction of the latter will be found by 
dividing I N by Y p'. 

It is evident that the indices of refraction for the intermediate raya 
will be included between these two, being greater than the index of 
the extreme red, and less than the index of the extreme violet. 

If the angle of incidence i o o be diminished, the angles of re&ac 
£on ROM and Y o M will be lx)th diminished, since their sines wil^ 
9till bear the same ratio to the sine of the smgle of incidence. Thus, 
if f Cjjig, 355., be the incident ray, and i' c o the angle oi incidence, 
then c b' will be the extreme red, and o y' the e^<«reine videt re- 
fracted rays, and the intermediate rays, into whi(^ the incident ray is 
resolved, will lie between these as before. 

In this case, the angle b' o y' which measures the dive]:geiice of 
the extreme rays into which the incident ray ip resolved^ wiU be less 
than the angle bcY; which measures their divergenee with the 
greater angle of incidence I c o. Thus it appears that the divergence 
of the decomposed rays is diminished as the angle of incidence is 
diminished, and increased as the angle of incidence is increased \ but 
with the same angle of incidence this divergence is always the same 
in the same transparent medium. 

The angle K o b, formed by the direction of any ray, such as b, 
with the direction o K, which it would have followed had it not been 
refracted^ is called the refraction of that ray. 
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Now it is Deoessary to distinguish carefully this term from the 
anffle'of re/raction Blresidj denned. 

Thus it appears that the refraction of thh different rays into which 
the ray ci is resolved is different; that of the extreme red being 
K By and that of the extreme violet being K c y. 

1064. Dispersion of light, — The difference between the refrtic- 
tion of these extreme rays, or the angle of divergence R o y of the 
rays into which the original solar ray i o has been resolved by re- 
fraction, is called the dispersion produced upon the solar ray i o by 
the process of refraction. 

It follows from what has been just explained, that this dispersion 
in the same medium diminishes and increases as the angle of inci- 
dence or the angle of refraction, or, in fine, as the refraction itself^ 
diminishes or increases. 

1065. Mean refraction, — But the term refraction, to have a defi- 
nite meaning, in this case, must be applied to some one of the rays 
into which the solar ray is resolved, since each of these rays has a 
different refraction, varying from K o E to K o V. The middle ray, 
therefore, o L, of the rays diverging from c, is adopted for this pur- 
pose ; and, accordingly, the ray c L is called the mean ray, and the 
angle K o L the mean refraction. 

The refraction produced by any transparent medium upon a given 
ray at a given angle of incidence, is the measure of the refracting 
power of the medium on such ray ; but as this refraction is always 
the difference between the angles of incidence and refraction, and as 
this difference may be taken to be proportional to the difference be- 
tween their sines, we shall have the refractive power of the medium 
expressed thus: 

sin. I — sin.E - 

; = n — 1; 

sm. E 

where n expresses the index of refraction. 

The measure, therefore, of the refracting powers of different media, 
is the number found by silbtracting 1 from their index of refraction. 

It follows, from what has been explained, that in the same medium 
the dispersion increases and diminishes as the mean refraction in- 
creases or diminishes. 

1066. Dispersive power, — When different media are compared 
together, it is found, that with the same mean refraction there *will be 
different dispersions, — a fact which supplies a characteristic of dif- 
ferent media, which has been called Uieir dispersive power; one 
medium being said to have a greater or less dispersive power than 
another medium, according as the dispersion it produces with the 
same mean refraction is greater or less than that produced by the 
other medium. 
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The diepersion, therefore, produced by any medium being expressed 
by the difference of the indices of refraction n" and n' of the extreme 
rayiB, and the refracting power being expressed by n — 1, th« abso- 
lute dispersive power is l^e quotient obtained by dividing the disper- 
rion by the refracting power, and will be 

li' — rl 
»— ^1 

In the tables of refraction which have been given in page 65, die 
indices of refraction must be understood to refer to the mean ray of 
the spectrum, produced by the various media indicated in the tables. 

To illustrate the application of this formula, let us take the case of 
crown-glass and diamond. The index of refraction of the e;ctreme 
and mean rays of crown glass are as follows : — 

«" = 1-5466, ri = 1-5258, n = l-SSaO; 
oooaequently we shall have for crown-glass, 

^ = AI = <^««««- 

In like manner, the indices for diamond are 

n" = 24670, n' = 24110, n ~ 24390,- 
1iheref(»e, we shall have 

^ = r4S9 = «-«^«^- 

From whence it appears that although the refracting powers of the 
diamond and crown-glass are as 3 to 1, their dispersive powers are 
the same. 

This identity of their dispersive powers may be proved experiment- 
ally by taking two prisms, one of diamond and the other of crown 
glass, and producing with them two spectra in the manner represented 
in^, 345., so that the mean ray l E of each shall be equally inclined 
to the direction p p' of the incident ray. It will be found that the 
two spectra thus produced will have equal lengths, and consequently 
that the dispersions which correspond to equal refractions are equal. 

Transparent media differ from each other, not only in the dispersive 
powers which they have on solar light, but also in the dispersive 
powers with which they act on the different elements which compose 
such light. Thus, for instance, it wiU happen that although two 
media, such as the diamond and crown glass, may have equal dkper- 
sive powers in relation to the compound light of day, they will have 
very different dispersive powers upon the several coloured lighto of 
which each compound light is made up. 

This may be rendered experimentally apparent by producing two 
spectra of equal lengths, nt^ith prisms of different materials. 

If these two spectra be placed in juxtaposition, so that their extre- 
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mitaes shall coinoide, althoagh their ooloared spaces will succeed each 
other invariably in the order already described, yet the boundaries 
which separate these coloured spaces will not coincide. The red in 
the one will be more or less extensive than in the othM', and the same 
will be true of the other colours. 

Let two spectra^ A b and c J^,fig» 356., be produced in this man- 
ner, equal in length, by two hollow prisms, 
one filled with the oil of cassia, and the other 
with sulphuric acid. In the spectrum a b, 
produced by the oil of cassia, the red, orange, 
and yellow spaces are less than in the spectrum 
B, produced by the sulphuric acid, while in 
the latter the blue, indigo, and violet spaces 
are less than in the former. 

The middle ray m n in the spectrum A B 
passes through the blue space, while it passes 
through the green space in the spectrum c D. 

It appears, therefore, that in this case sul- 
phuric acid has a greater dispersive power upon 
the less refrangible rays, and a less dispersive 
power on the more refrangible rays, than the 
oil of cassia. 

These effects, are consequences of the £EK;t, that although the indices 
of refraction of the extreme rays for any two media may be equal, the 
index of refraction of the intermediate rays may be unequid, and a 
difference oi position of the corresponding odours in the spectrum will 
be the necessary consequence. 

In the following table, the indices of refraction corresponding to 
the mean rays of me seven coloured spaces of the spectrum are given 
according to the experiment of Frauenhofer. 
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1067. Table of the indices of refraction of the mean rays of each 
of the prismatic colours for certain media. 



Rdtadinf SnbttaiMM. 


«l. 


^ 


% 


«4. 


%. 


«8. 


% 


Flint rl«n. No. 13l 

Crown glaM. 


!-e2T749 
1*583832 
T-3809S5 
1-330877 

i-38ee» 

W7W96 
1-809048 
1-«2857D 
1-ttMOlS 
1*564774 

1*«265« 
1*626564 


1*699681 
1*526849 
l*38ni2 
1831708 
1*400516 
1*471530 
1-608800 
1 '626477 
1*523298 
1*656888 

1-628489 
1*688461 


1*636086 
1*629687 
1*833577 
1*388677 
1*402805 
1*474434 
1*606494 
1*680585 
1*627988 
1*659076 
1-633667 

1-633666 


1*642024 
1*533005 
1*336861 
1*336819 
1*406632 
1*478353 
1-614532 
1-637336 
1*631372 
1*663160 
1-640496 

1-640644 


1*648280 
1*538032 
1*337818 
1*837788 
1*408082 
1*481736 
1*620042 
1*643466 
1*6348*7 
1*866741 

1*646766 
1*646780 


1*660286 
1*641657 
1*341298 
1*34)261 
1-412579 
1*488198 
1*630772 
1-666406 
1*579908 
1*683535 

1-658848 
1*668849 


1*671062 
1*646566 
1*844177 
1-344162 
1*416368 
1*493074 
1*640373 
1-664072 
1*544684 
1*679470 

1.669686 
1-669680 


Water 


Flint glaM, No. 8 


Flint glaM, No. SO. 

Crown glaat. No. IS................ 

Crown glaas, Litt. M 

Flint KlaMrNo. 28. and prim i 

Flint rUM, No. S3, and prim | 
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y? Flint glass, No. 23., prism 60® 0043090 

" Flint glass, No. 23., prism 46'» 0043116 
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1068. Dispersien of each component colour, how found, — The 
dispersion proper to each successive colour will be found by taking the 
difference of the two adjacent indices, and the total dispersion pro- 
duced by each medium by taking the difference between the extreme 
indices. Thus the total dispersion produced by each medium giyen 
in the above table will be as follows : 

Flint glass, No. 18 0043318 

Crown glass, No. 9 0020784 

Water 0013242 

Water 0013186 

Potash 0016789 

Turpentine 0023878 

Flint glass. No. 8 0038381 

Flint glass, No. 80 0042502 

Crown glass, No. 18....i 0020872 

Crown glass, Lett. M 0024696 

' 1069. Light uniformly refrangible not necessarily simple. — 
In all that precedes, it has been assumed that the light composing each 
part of , the prismatic spectrum la simple and homogeneous. This 
conclusion, deduced by Newton, and adopted generally by all physical 
investigators since his time, is based on the assumption, that light 
which, being refracted by transparent media, cannot be resolved into 
parts differently refrangible, is simple and homogeneous. 

Sir David Brewster has, however, published the results of a series 
of observations, from which it would follow, that a pencil of light 
which does not consist of parts differently refrangible, may, neverthe- 
less, be resolved into parts which have different colours; in other 
words, that the light of certain parts of the spectrum, such, for ex- 
ample, as orange and green, although simple so far as respects re- 
fraction, is compound so far as respects colour. Thus, the orange 
light may be resolved into two lights equally refrangible, but differ- 
ing in colour, one being red and the other yellow; and the green 
light may in like manner be resolved into two equally refrangible, 
one being yellow and the other blue. 

1070. Sir D. Brewster* s analysis of the spectrum, — La a word, 
the observations and experiments of Sir David Brewster have led him 
to the conclusion that the prismatic spectrum consists in reality of 
three spectra of nearly equal length, each of uniform colour, super- 
posed one upon another ; and that the colours which the actual spec- 
trum exhibits arise from the mixture of the uniform colours of these 
three spectra superposed. The colours of these three elementary 
spectra, according to Sir David Brewster, are red, yellow, and blue. 
He shows that by the combination of these three, not only all the 
colours exhibited in the prismatic spectrum may be reproduced, but 
that their combination also produces whit^ light. He contends, there- 
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fore, that the white light of the sun consists not of seven; but of three 
constituent lights, red, yellow, and blue. 

This conclusion is established by showing that there is another 
method by which light may be resolved into its components, besides 
the method of refraction by prisms. In passing through certain 
coloured media, it is admitted that a portion of the light incident is 
intercepted at the surface upon which it is incident and in its passage 
tiirpugh the medium ; a part only is transmitted. 
I Now, this property of colours is taken by Sir David Brewster as 
another method, independently of refraction, of decomposing colours. 
He assumes that such a medium resolves the light incident upon it 
into two parts : first, the part which it transmits ; and secondly, the 
part which it intercepts. He concludes that these two parts are com- 
plementary, that is to say, that each contains what the other wants to 
make up white solar light; or, more generally, that the incident 
light, whatever be its nature, must be assumed to be a compound^ 
consisting of the light transmitted and the light intercepted. 

This being assumed, let a coloured medium, such as a plate of blue 
glass, be held between the eye and the spectrum. Certain colours of 
the spectrum will be transmitted and others intercepted. If the 
colours of the spectrum be simple and homogeneous light, such aa 
they are assumed to be in the Newtonian theory of the decomposition 
of light, then the consequence would be that the appearance of the 
spectrum seen through the coloured medium would consist of dark 
and coloured spots ; those simple lights intercepted by the glass ap- 
pearing dark, and those transmitted by the glass having their proper 
colour. But if each colour of the prism be, as is assumed in the chro^ 
matic theory, simple, then the plate of glass can make no change in 
its colour by transmission. 

It must therefore be wholly transmitted, partly transmitted, or 
wholly intercepted. K it be wholly transmitted, no change will be 
made, therefore, in its colour or intensity ; if it be partly transmitted, 
it» colour will remain the same; but its intensity will be diminished; 
if it be wholly intercepted, the space it occupied on the spectrum will 
be black. But these are not the effects; as Sir David Brewster states, 
which are observed. He finds, on the other hand, that the coloured 
spaces on the spectrum are not merely diminished in intensity, but 
actually changed in colour. Now, if any space of the spectrum be 
changed in colour, it follows from what has been stated, that the light 
transmitted must be a constituent of the colour of that space, to which 
t^e light intercepted being added, would reproduce the colour of the 
spectrum. By such an expeiiment as this. Sir David Brewster found 
that the parts of the spectrum occupied bj the orange and green 
lights pr(>(luced yellow, from which he inferred that the glass inter- 
cepted the red, which combined with the yellow produced oransey 
and the bluC; which combined with the yellow produced green. But 
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if ihe glass have the power of thus intercepting the red and blue 
light, it might be expected that the red and the blue spaces of the 
spectrum would appear dark. He accordingly found that the light of 
the middle of the red space was almost entirely absorbed^ as was also 
a considerable part of the blue space. 

From experiments like these, which he made in great number, and 
under various conditions, Sir David Brewster deduced the conclusioa 
to which we have adverted above. 

He inferred that at every point of the spectrum, red, yellow, an^ 
blue light are combined in various proportions, the colour of each part 
being determined by the proportional intensities of these three colours 
in the mixture. In the red space, the proportions of blue and yellow 
are exactly those necessary to produce white light, but the red is in 
excess; a portion of it combined with the blue and yellow produces a 
white light, which is reddened by the surplusage of red. In the same 
manner, in the yellow space the proportion of blue and red is that 
which is proper to white light, but there is a greater than the just pro- 
portion of yellow. 

A part of this combining with the blue and red produces white 
light, which is rendered yellow by the surplus. In the same manner 
exactly, the blue space is shown to consist of a surplusage of blue, 
combined with the proportion of red and yellow, and the remainder 
of the blue necessary for whiteness. The other colours of the spec- 
trum, according to Sir David Brewster, are secondary, or the result of 
combinations of red, yellow, and blue. 

The means by which these three primary colours produce the tints 
of the spectrum may be more clearly understood by reference to^. 
357., wherein M N represents the prismatic spectrum with its usiml 
^ ♦ tints. The curve MEN represents 

the varying intensity of the red 
spectrum, M Y N that of the yel- 
low, and M B N that of the blue 
spectrum. The distance of each 
part of these curves respectively 
from M N is understood to be pro- 
^^ '• ^ portional to the intensity of the 

colour of that part, and the relative lengths of the perpendicular in- 
cluded within each curve represents the proportion of the intensities 
of the combined colours. Thus, at the point p, the three colours are 
mixed in the proportion of the lengths of the perpendiculars p n, p n, 
p" n, the first representing the proportion of yellow, the second red, 
and the third blue ; the red and yellow predominating, the colour at 
this point will be orange. 

These observations and experiments, and the conclusions deduced 
froLi them by Sir David Brewster, have been now before the scientific 
world for more than twenty years. The experiments do not appear 
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to have been repeated^ nor the chromatic doctrine inferred from them 
to have been yet generally assented to or adopted. The chromatio 
analysis of Newton is the only theory advanced by physical authors. 



CHAP. xn. 

8PE0TBAL LINES — ^PHOTOMETRIO, THERMAL, AND CHEMICAL PRO- 
PERTIES OF THE SPECTRUM. 

1071. JVumber of spectral lines, — ^If the prismatic spectrum pro- 
duced under certain conditions be examined by the aid 
of a telescope, it will .be found to be crossed through- 
out its entire length by dark lines of various breadths. 
The total number of these lines is nearly seven hun- 
dred, and they are distributed over the spectrum with- 
out any apparent relation to the limits of its coloured 
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Fig. 358. 



In Jig, 358., M N represents a spectrum, M being its 
violet, and N its red extremity. The arrows to the 
left of the diagram represent the boundaries between 
the coloured spaces, these spaces being indicated by the 
letters R, o, y, g, b, i, and v. 

The general distribution of the spectral lines is ex- 
hibited in the diagram. 

It will be observed, that in the distribution of these 
remarkable phenomena, there is no apparent refi;ularity, 
either in their arrangement or in ^heir intensity. In 
some places they are thickly crowded together, while in 
others they are separated by white spaces, more or less 
considerable. In some, the lines are extremely fine and 
scarcely visible ; in others they are of distinct breadth 

Among these numerous lines, seven were selected 
by their discoverer, Frauenhofer, as standards of refer- 
ence or fixed points by which the position of the others 
could be designated. These seven are those marked 
on the right by the letters b', c', d', e', f', g', h'. 

The first of these, b', is in the middle of the red 
space ; the second, third, and fourth, c', d', and e', are 
nearer the boundaries which separate the red and 
orange, the orange and yellow, and the yellow and 
green; the fifth, f', is near the middle of the green 
space, and the seventh near the middle of the violet 
space; while the sixth is near the boundary which 
separates the blue and indigo. 
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The numbers which appear in the diagram between each pair of 
these lines indicate the number of spectral lines which have been 
ascertained to exist between them. 

Thus, between b' and o' there are 9, between o' and d' 30^ and so 
on ; the entire number of lines between the first, b', and the seventh, 
h', being 574. The remainder of the spectral lines between the 
extreme red and b', and between the extreme violet and h', amount 
to about 100 ', but they are more difficult of observation, and 'have 
not been so precisely ascertained. 

A little above the extreme red, there is a well-defined dark line a' ; 
and about half way between that line and the line b', there is a dark 
band composed of seven or eight lines. 

It was ascertained by l^rauenhofer, that these lines are altogether 
independent either oi the magnitude of the refracting angle, or of 
the matter of the prism ; and that their number, order, and intensity 
are absolutely invariable, no matter what prism be used, provided 
only the light come through, directly or indirectly, from the sun. 
Thus it is found that the spectra produced 
by moonlight and by the light of the 
planets give exactly the same lines. 

1072. Manner of observing the spectral 
lines. — The best method of observing 
th^se interesting phenomena is by means 
of telescopes and a prism, represented in 
Jig, 359. Let a narrow slit be made in a 
window-shutter or a screen, so as to admit 
a broad thin beam of the sun's light. 
This sHt is represented in section at right 
angles to its length at o. The beam of 
light is received on a piism of the finest 
and purest flint glass ai p. After being 
refracted by the prism, it is received by a 
small telescope, which plays upon a gra- 
duated arc, on which is a second telescope 
to indicate the original direction of the 
ray op. The angle under the two tele- 
scopes will indicate the refraction which 
the ray has suffered by the prism. The 
prisms used in these observations have 
been made of the purest and finest flint 
glass, perfectly free from threads and striae. 
The prism ought to be placed at a distance 
of fifteen or twenty feet from the telescope. 
By turning, therefore, the telescope or the prism, the successive 
rays of the spectrum are made to pass through the telescope, so that 
the spectrum may be viewed successively from one extremity to the 
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other. The telescopes suited to these observations should magnify 
from eight to ten times. 

1073. Spectral lines of artificial lights and of the moony planets^ 
and stars, — By these means the spectra produced not only by solar 
light, but also by various artificial lights, as well as electric light, have 
been observed. The electric light gives the spectral lines bright in- 
stead of dark, one of the most remarkable for its brilliancy passing 
through the green space. The flame of a lamp, whether produced 
by gas, oil, or spirits, also gives the spectral lines bright Two of 
these are especially distinguishable in the red and orange spaces. 

The moon and planets have the same dark lines as the sun, but less 
easily distinguishable, especially near the extremities of the spectrum. 
The spectra produced by the light of the fixed stars are marked with 
dark lines, but little different in their number, intensity, and disposi- 
tion from those exhibited in the solar spectrum. It is remarkable 
that the spectra produced by different fixed stars differ from each 
other. ^ 

1074. Use of spectral lines as standards of refrangihiliiy. — 
The invariable position which Frauenhofer's lines are found to have 
in the solar spectrum has rendered them eminently useful for estab- 
lishing standards of refrangibility of the component parts of solar 
light. From what has been stated respecting the gradual variation 
of the tints composing the solar spectrum, it may be easily under- 
stood that much uncertainty will attend any methods of defining a 
particular ray to which a certain index of refraction is imputed. 
Thus the middle of the red or the middle of the green space is neces- 
sarily an indefinite term, so long as the limits of these spaces admit 
of no exact definition. 

The seven lines b', c', d', &c., which have been already noticed, 
have been accordingly adopted as points invariable in their position, 
of which the indices of refraction once determined may always serve 
as standards of reference. The indices accordingly which have been 
given in table, p. 125., are those which belong to these points, n, be- 
ing the index of refraction at b', fia that of the rays at c', n^ at D', 
and so on. 




Fig. 360. 
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1075. Relative iiUensity of light in different parts of the spec- 
trum. — Frauenhofer also ascertained by photometric observations the 
relative intensity of the light in different parts of the spectrum. 

The result of these observations is denoted by the curve marked 
" Luminous intensity," in fig, 360. ; the perpendicular distance of 
each point of this curve from the edge of the spectrum being propor- 
tional to the brilliancy of the light produced by a flint glass prism. 
It appears from this that the most intense illumination corresponds to 
a point about the middle of the yellow space. 

In the following table are given the numerical intensities of the 
other points, the light of the point of greatest intensity being ex- 
pressed by 1000. 

^t the red extremity 000 

AtB^ 82 

At 0^ 94 

At D^ 640 

At B^ 480 

AtF^ 170 

Ato^ 31 

AtH^ 5-6 

At violet extremity 000 

1076. Relative calorific ifUensity of the spectral rays, — The 
heating power of the light composing the different parts of the spec- 
trum was examined first by the late Sir William Herschell, and later 
by M. Berard, Sir H. Davy, MM. Seebeck, Wunsch, and, in fine, by 
M. Melloni, who has supplied a vast body of interesting experiments 
on this subject. The general result of these observations, tiie details 
of which would be inadmissible here, are as follows : — 

The heating power, being nothing at the violet extremity, aug- 
ments gradually as the thermometer is moved to the red extremity. 

At this point, or near it, the heating power is a maximum ; but 
the presence of thermal rays beyond the red extremity is manifested 
by the thermometer, which, though it declines on being moved be- 
yond this extremity, continues to show a temperature greater than 
that of the surrounding air, to a considerable distance from the speo- 
trum. 

We are therefore compelled to admit the existence of invisible rays 
in the sun's light, which have the power of producing heat, and which 
have a less degree of refrangibility than red light. 

The curve marked "Thermal intensity," in fig, 360., indicates the 
variation of the heating power of the rays of the spectrum in the same 
manner as the former curve represented the luminous intensity. The 
point of maximum thermal intensity is according to some at the red 
extremity, and according to others a little below it, but it is found 
that this depends in some degree upon the material composing the 
prism. 
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1077. Relative chemical intensity of the spectral raffs. — The 
action of light in changing the colour of certain substances has long 
been known ; but one of the most remarkable of this class of objects 
has lately acquired increased interest from its application in the art 
called Daguerreotype. 

If the chemical substance called muriate of silver be exposed to 
solar light^ it will be blackened. Now, in order to ascertain whether 
this effect is due collectively to all the rays composing solar light, or 
is caused by the action of some rather than other rays, it is only ne- 
cessaiy to expose it successively to all the rays composing the pris- 
matic spectrum. 

If this be done, it will be found that the least refrangible rays near 
the red extremity do not produce this effect in any sensible degree, 
while the more refrangible rays at the violet extremity produce it in 
a very great degree ; in a word, by ascertaining and indicating the 
intensity of this chemical action in the same manner as the intensities 
of the illuminating and heating power as already expressed, we shall 
be enabled to determine the curve of chemical intensity indicated in 
Jig, 360., from which it appears that this action is at its maximum 
near the boundaries between the violet and the indigo. ,-j 

: Y ^. 

CHAP. XIII. 

OHBOMATIO ABERRATION. — ACHROMATISM. 

1078. Chromatic aberration of lenses. — It appears from what 
has been established in Chap. X., that the power of a lens whether it 
be convergent or divergent, and therefore also its focal length, de* 
pends not only on the curvature of its surface, but on the index of 
refraction of the substance composing it. 

But, from what has been explained in the last chapter, it appears 
that the index of refraction for the same transparent medium is differ- 
ent for the different component elements of light. Thus, the index 
of refraction for flint glass, which corresponds to violet light, is greater 
than the index of refraction for red light, the former being more re- 
frangible than the latter. The focal length, therefore, of a lens for 
red light, will be different from the focal length of the same lens for 
the violet light. This circumstance produces important consequences, 
which we shall now proceed to explain. 

Let ABC, Jig. 361., be a converging lens, which we will here sup- 
pose to be double convex. Its focal length v will, according to wha« 
has been explained in Chapter X., be 

_ r X r' 

^-(n-l)(r + ,/y 
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Fig. 361. 

vhere r and r' express the length of the radii of the lens, and n the 
index of refraction. Now, since the index of refraction which cor- 
responds to the extreme violet rays is greater than the index of re- 
fraction which corresponds to the extreme red rays, the value of F 
will be less for the former than for the latter ; and, consequently, the 
focus of the extreme violet rays will be nearer the lens than the focus 
of the extreme red rays; and, in like manner, it follows, that the 
focus of the rays of intermediate refrangibilities will lie between these 
two points. 

If V and R, therefore, be the foci of the extreme violet and ex- 
treme red rays respectively, the foci of all the rays of intermediate 
refrangibilities will be distributed between v and B. 

Let us suppose any object which transmits the extreme violet light 
to be placed before the lens at such a distance that the pencil of rays 
proceeding from each point upon it to the lens may be considered as 
consisting of parallel rays ; an inverted image of such object will be 
formed at v v', at a distance B v from the lens determined by the pre- 
ceding formula, n having in it the value which corresponds to the index 
of the extreme violet rays. 

If, now, a similar and equal object be similarly placed before the 
lens, but emitting the extreme red light instead of the extreme violet 
light, an inverted image of this object will be formed at r r', at a dis- 
tance B R from the lens, determined in like manner by the above for- 
mula, in which the value assigned to n shall be the index of refraction 
corresponding to the extreme red light. 

If, in like manner, the object placed before the lens be supposed 
to be successively illuminated by all the varying tints of the spec- 
trum, a succession of inverted images corresponding in colour to these 
tints will be formed at oo', yy\ gg', h h\ and t i', between B and v. 

Now, if the object placed before the lens, instead of being succes- 
sively illuminated by these various homogeneous lights, be illumi- 
nated with the white light of the sun, or if such object be the sun 
itself, then the various component parts of the light which it transmits 
will be brought by the lens to different foci corresponding to their 
various degrees of refrangibility, and the lens will accordingly pro- 
duce, not one white image, but an infinite number of coloured images 
included between the extreme positions y and b. Each ray will form 
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m image, having a position and colour corresponding to its degree 
df refirangibilitj, and the space incladed between y and b will be a 
trancated cone filled with images, which increase in magnitude from 
Y to R, and which^ beginning with a violet colour at v, pass through 
all the tints of the spectrum ; the last image at R having a red colour 
corresponding to the red of the extreme light of the spectrum. 

A white screen held at R would exhibit a well-defined red image 
of the object^ if it did not also receive upon it the pencils of rays 
forming all the other images between r and v, such pencils diverging 
from the various points of such images. Thus, a pencil which is 
brought to an exact focus upon the image o </, would form upon a 
a screen placed at r r', not a pointy but a small spot of orange light. 
In like manner^ a pencil whose focus lies upon the image y y' would 
form upon a screen placed at R a small spot of yellow light, greater 
in magnitude than the spot of orange light, because of the greater 
distance of its focus from the screen. In like manner, the points 
upon the image gg^^h b% 1 1', and vv', would produce upon the screen 
at r luminous spots of green, blue, indigo, and violet light, increasing 
in magnitude in proportion to their respective distances from the 
screen. 

The image, therefore, formed upon the screen, arising from this 
combination of pencils of variously coloured lights, will exhibit a con- 
fused representation of the object ; the colours diffused over the inter- 
nal parts of its area being those which combined together form white 
light, the general area of the image will not be coloured ; but the 
coloured pencils thus mingled together, being none of them brought 
to their foci on the screen, except those of the extreme red light, a 
confusion will ensue. At the edges there will be coloured fringes, 
because at the edges the pencils diverging from the edges of the series 
of images do not overlay each other as they do at the central pencils; 
and, consequently, the colours necessary for the production of white 
light are not mingled in these pencils. 

The consequence of all this is, that there will be formed upon the 
screen an image of the object, everywhere indistinct, and fringed with 
prismatic colours at its edges. 

The degree of indistinctness and the breadth of the fringes will 
depend upon the length of the space v R ; that is to say, upon the 
dispersion produced by the lens, and also upon the difference between 
the magnitudes of the extreme images r r' and v t/, which latter de- ' 
pends upon the opening of the lens rBt^, and on ihe dispersion Y R 
conjointly. 

The consequence of this is, the indistinctness of the image and the 
doloured fringes arising from this cause increase as the focal leneth 
of the lens diminishes, as its opening increases, and as the dispersive 
power of the material of which it is composed increases. 

These effects are called the chromatic aberration of lenses. 
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1079. Aberration of a diverging lens. — ^We have assumed in ike 
preceding exami^les that the lens is a converging lens; and, conse- 
quently, that the image of a distant object is real, and may be exhi- 
bited on a screen. 

If, however, the lens be a diverging lens, the effects of aberration 
will be the same, but the image being imaginary cannot be exhibited in 
the same manner. A diverging lens A B c is represented in Jig, 362. 

Let the object, as before, be placed at such a distance from it that 
the pencils proceeding from it may be considered as parallel. After 
passing through the lens they will diverge, as if they had proceeded 
from an object placed at a distance before the lens, equal to its focal 
length. Thus, if the object emit red light, the rays after passing 
through the lens will diverge as if they had proceeded from rr^ at 
the distance B B, equal to the principal focal length corresponding to 




Fig. 362. 

the index of refraction of red rays, and in like manner, if the object 
transmit violet rays, the light, after passing through the lens will 
diverge as if it had proceeded from points in an object placed at v o', 
and for the intermediate colours it would diverge as if it had pro- 
ceeded from intermediate points between R and v. 

Thus, if, as before, the object be supposed to emit white solar light, 
the rays ajfter passing the lens would diverge from points between B 
and y, varying according to their refrangibilities in the manner already 
expressed. 

1080. Images formed by single lenses must always be coloured, — 
It appears,. therefore, from what has been here explained, that no 
single lens can produce a distinct image of an object free from 
coloured fringes, since to accomplish this it would be necessary that 
each lens should possess the same p6wer of convergence over all the 
component rays proceeding from all points of such object. 

But since the converging power of the lens depends upon the index 
of refraction of the light, and since the index of refraction varies 
with the colour and refrangibility of the light, it follows that unless 
the object transmit light of a single refrangibility, that is to say, 
homogeneous light, the lens cannot cause the pencils which proceed 
from it to converge to the same focus, and, consequently cannot pro- 
duce a distinct image. . This object, however, which cannot be accom- 
plished by a single lens, may be attained by a combination of lenses 
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composed of transparent substances^ which differ frogi each other in 
their dispersive powers. 

1081. Conditions under which combined lenses may he rendered 
achromatic, — ^To put the question first under its most simple form, let 
it be required to find what form must be ^ven to two lenses com- 
posed of media having different refracting powers^ so as to render the 
focal length of the compound lens for light of any one refrangibility, 
equal to its focal length for light of any other refrangibility. 

Let f' and f" be the focal lengths of the two lenses for light, of 
which the indices of refraction are n' and n" for the media compos- 
ing the lenses respectively. 

Let/' and/^' be their focal lengths for light of which the indices 
of refraction are m' and m". 

Let F be the focal length of the compound lens. 

The converging power of the compound lens on each kind of light 
will be equal to the sum of the converging powers of the two lenses 
separately on the same kind of light. The converging power of the 
compound lens, therefore^ on the light whose indices of refraction are 
fi' and ft", will be 

7 "^ 7'' 

and in like manner its converging powers on the light whose indices 
of refraction are m' and m", is 

But since, by the supposition, these two converging powers must 
be rendered equal, we shall have . 

The queslion is, then, to assign such magnitudes to the radii of the 
surfaces of the lenses as will make them fulfil this condition. 

Let R, and R^ be the radii of the surfaces of the first, and r, 
and Ti those of the surfaces of the second lens. We shall then have^ 
by the formulas given in 1031. and 1032., 

1 _ (n' - 1) (R, — R,) 1 _ (fi^^-l)(r,-r,) . 
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The nambers ezpredsed by n' — m' and »" — m" aw the diflbr- 
ences between the indices of the two lights having different refran- 
abilities, which are supposed to be transmitted through the lenses. 
These are the dispersive powers of the media composing the lenses 
for each of the two lights. If, then, the radii of the two lenses be 
so selected as to render the fraction expressed by the second Daember 
of the preceding equation equal to the ratio of the dispersive powers 
of the material of the lenses for the two sorts of light, they will be 
brought to the same focus b^ the compound lens. 

To simplify this, let us divest the preoeding 
formuk of its generality, and suppose that the 
first is a double convex lens l, J^. 363., with 
equal radii, and that the second is a double con- 
cave lens L', the surface of which, in contact with 
tiie first, has the same curvature with it, and con- 
sequently the same radius. Observing that when 
the convexities are turned in contrary directions, 
Fig. 363. the radii have contrary signs, the preoeding for- 

mulas will now be reduced to 

fi' — m' _ r, — P 

\ 

Now it is always posinble so to select the radii as to fulfil this con- 
dition; and therefore a compound lens, composed of two lenses of 
different refracting media, can always be constructed which will bring 
to the same focus two lights of different refrangibilities. 

Let us suppose that the double convex lens is composed of crown 
glass, for which 

n' = 1-546566, m' = 1-525832, 

and the double concave of flint glass, f»r which 

n" = 1-671062 m" = 1'627749- 
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we dhall therefore have 

«' — m' 20734 _r,- 



n" — m" 43313 2 r, ' 

from which we find that 

r, = 23-47 X r,. 
The radius of the second surface of the double concave lens must in 
this case, therefore, be 23} times the radius of the double convex. 

It is easy to show that if the two lenses were composed of glass 
having equsd dispersions, the result would not supply a solution of 
the problem ; for in that case we should have the radius of the se- 
cond sur&ce of the double concave lens equal to the radius of the 
double convex, and consequently the refraction of the two lenses would 
neutraliEe each other, and parallel rays would emerge parallel. It is 
therefore essential to the solution of the problem that the two lenses 
should be composed of glass or other transparent media having differ- 
ent dispersive powers. 

If the dispersive powers of the two lenses for every part of the light 
composing the spectrum were in the same ratio, which would be the 
case if the colours filled proportional spaces in the two spectra, the 
lenses, then, which would bring two coloured rays to the same focus 
would bring all the colours to that focus, and they would be abso- 
lutely achromatic. But it has been already explained that different 
transparent media not only produce spectra of different lengths, but 
divide them into coloured spaces in different proportions. It follows, 
therefore, that although the radii of the lenses be in the necessary 
proportion to their dispersive powers over lights of two particular col- 
ours, they will not be in the proportion necessary to bring the lights 
of other colours to the same focus. In this case, nevertheless, by 
bringing' together the extreme images r r' and v v', the longitudinal 
chromatic aberration R y is considerably diminished ; so much so, that 
in most cases the indistinctness of the image and the coloured fringes 
are not perceptible with a triple lens, so adapted as to achromatize 
rays of three refrangibilities, such as the extreme and mean rays of 
the spectrum : there is thus an annihilation of chromatic aberration 
for all practical purposes, so that achromatism may be conceived to 
be realized. 
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1082. Sense of sight an extensive source of knowledge, — Among 
the organs of sense there is none from which we derive so great a 
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sliare of knowledge of external natnre as the eye. Althongh, Btrictly 
speaking, this organ is cognizant only of ISghi and colours, yet from 
the effects of them we are enahled by habit and reflection to infer 
with great promptitude and precision the forms, magnitudes^ motions^, 
distances, and positions^ not only of the objects around us, but of the 
great bodies of the universe. Indeed, it is to the information derived 
from the eye alone that we are indebted for all the knowledge we 
possess of the material universe beyond the immediate precincts of the' 
world we inhabit 

1083. Knowledge of the structure of the eye necegsary to eompre* 
hend optical insiru$nents. — The eye, therefore, is a subject of inter- 
esting inquiry, were it only for the importance of the information it 
conveys to us ; but it is also necessary to understand its structure and 
functions before we can comprehend the use and application of tho8» 
optical instruments which have been adapted with such marvellous' 
success to enlarge the range of vision. 

It is necessary first to investigate the powers of ihe organ of sight, 
and to determine the conditions which limit these powers, before we 
can appreciate the instruments by which these limits are extended. 

1084. Structure of the eye, — The eyes, as they exist in the hu- 
man species, have tlie form, as is well known, of two spheres, each 
about an inch in diameter, which are -surrounded and protected by 
strong bony sockets placed on each side of the upper part of the nose. 
The externied coating of these spheres is lubricated by a fluid secreted 
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-\n adjacent glands, and spread upon them from time to time by ih» 
action of the eyelids in winking. 

The eye-balls are moved by muscles connected with them within 
the socket which move them upon the principle known in mechanics 
as the ball and socket joint. 

A front view of the eyes and surrounding parts is represented in 
Jig, 364.^ and a section of them made by a horizontal plane through 
the line A B, which passes through the centre of the point of the eye- 
balls, is represented in^. 365. 

1085. The sclerotica and cornea. — The external coating o D F S 
consists of a sti'ong and tough membrane, called the scleroticaj or 
sclerotic coat. A part of this membrane is visible when the eye-lids 
are open at W^Jlg. 364., and is called the white of the eye. In this 
part of the eye-ball there is a circular opening formed in this sclerotic 
coat, which is covered by a thin and perfectly transparent shell d G F, 
called the cornea. This cornea is more convex than the general sur- 
face of the eye-ball, and may be compared to a watch-glass. It is 
connected round its edge with the sclerotica, which differs from it, 
however, both in colour and opacity, the sclerotica being white ami 

. opaque, while the cornea is perfectly colourless and transparent. The 
thickness of this cornea is everywhere the same. 

The cornea covers that part of the point of the eye which is col- 
uired, and is terminated round tiie coloured part at the commence- 
laent of the white of the eye. 

1086. The aqueous humour — the iris — the pupil — Within the 
cornea is a small chamber filled with a transparent liquid, called the 
aqueous humour. This chamber is partially divided by a thin annu-> 
liu* partition i, called the iris, in the centre of which there is a circu* 
lar aperture P, called the pupil. The iris is a membranous sub- 
stance varying in colour in different individuals. It is this whidb 
gives the peculiar colour to the eye. Jt is the pupil which presents 
the appearance of a black spot in the centre of the coloured part of 
the eye. A front view of the iris and pupil is ^ven at i and p, in 
Jig. S64., and a section of them is indicated by the same letters in 
Jig- 365. 

1087. The crystalline humour — ciliary processes. — The cham- 
ber containing the aqueous humour is terminated at its posterior 
part by a substance in the form of a double convex lens, which con- 
tains another transparent liquid, called the crystalline humour. This 
lens K is somewhat greater in diameter than the pupil, and it is sup- 
ported by a ring of muscles, called the ciliary processes, represented 
at L, in such a position that its axis passes through the centre of the 
pupil. 

Thus the crystalline and the ciliary processes, with the cornea, in- 
clude the membrane containing the aqueous humour. 

1088. The choroid. — Within the sclerotica is a second coat N, 
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called tlie choroid. This is a vascular membrane whicb lines the 
internal surface of the sclerotic coat^ and which terminates in front in 
the ciliary processes, by which the crystalline lens is set in it in the 
same manner as the cornea is set in the sclerotic coat. 

Some anatomists maintain that the iris is only a continuation of the 
choroid, and that the cornea is a continuation of the sclerotic coat, 
which there becomes transparent. The inner surface of this choroid 
coat is covered with a slimy pigment of an intensely black colour, by 
which the reflection of the light entering the eye is prevented. 

1089. The retina — the vitreous humour. — A third coating, re- 
presented at o, called the retina, from the resemblance of its structure 
to network, lines this black coating. 

The internal membrane Q of the eye-ball contains another trans- 
parent liquor, called the vitreous humour, which is included in a mem- 
branous capsule, called the hyaloid. 

Thus between the cornea and the posterior surface of the eye there 
are three successive humours; the aqueous, contained by the cornea; 
the crystalline, contained by the crystalline lens; and the vitreous, 
which fills the inner and larger chamber of the eye-ball. 

1090. The optic axis — the optic nerve, — A straight line M T 
passing through the centre of the cornea, coinciding with the axis of 
the crystalline lens, and passing through the centre of the eye-ball, is 
called the optical axis, or the cuns of the eye. 

At a point of the posterior surface of the eye-ball between the 
optical axis M T and the nose, the sclerotic coat is formed into a tube, 
which leads backwards and upwards towards the brain. This tube 
contains within it the optic nerve, which at the point c £, where it 
enters the eye-ball, spreads out over the inner surface of the choroid 
and forms the retina, and immediately includes the hyaloid t^fiipsule 
containing the vitreous humour. 

The retina must therefore be regarded as nothing more than the 
continuation and diffusion of the optic nerve. 

The retina, which in dissection admits of being easily separated 
from the choroid, is absolutely transparent, so that the xight or colours 
which enter the inner chamber of fiie eye are not intersected by it, 
but penetrate it as they would any other thin and perfectly trans- 
parent substance, and are only arrested by the black coating spread 
upon the choroid. 

1091. JSTtimerical data connected with the human eye. — The follow- 
ing are the average numerical data connected with the eye : — 
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lOOths of IimA. 

Badins of sclerotio coating 89 to 48 

Radius of cornea 28 — 82 

External diameter of iivs.... 48 — 47 

Diameter of pupil 12 — 28 

Thickness of cornea t 4 

Distance of pupil from centre of cornea 8 

Distance of pupil from centre of crystalline 4 

Radius of anterior surface of crystalline 28 — 89 

Radius of posterior surface of crystalline 20 — 24 

Diameter of crystalline 89 

Thickness of do 80 

Length of optic axis v S7 — 96 

Index of refraction from air into aqueous humour 1*8866 

Index of refraction from air into Titreous humour 1-8894 

Index of refraction from air into crystalline humour: — 

At the surface 1*8767 

At the centre 1*8990 

At the mean 1*8889 

Index of refraction from aqueous humour to crystalline humour: — 

At the surface 1*0466 

At the mean 1*0868 

Index of refraction from Titreous humour to crystalline humour : — 

At the surface 1*0446 

At the mean 1*0882 

AccordiDg to Sir D. Brewster, who has sapplied the preoediDg in* 
dices of refraction, the focal length of the crystalline is 1-73 inches. 

1092. Limits of the play of the eye, — The limits of the play of 
the eye-ball are as follows : — The optic axis can turn in the horizontal 
plane through an angle of 60° towards the nose, and 90® outwards, 
giving an entire horizontal play of 150®. In the vertical direction it 
is capable of turning through an angle of 50® upwards and 70® down- 
wards, giving a total vertical play of 120®. 

1093. The eye not perfectly achromatic, — Sir David Brewster is 
of opinion that the eye is not perfecfly achromatic, but that the chro- 
matic aberration is so small as to produce no indistinctness of vision. 
He says, if we shut up all the pupil, except a part of its edge, or look 
past the finger held near the eye, until the finger almost hides a nar- 
row line of white light, we shall see a distinct prismatic spectrum of 
this line containing all the usual colours, — an effect which could not 
take place if the eye were perfectly achromatic. 

1094. But must he very nearly so, — Nevertheless, it is certain 
that if the achromatism of the eye be not perfect, it is very nearly so. 
In the analogy observable between the forms and relative densities of 
the transparent humours which compose this organ, the achromatic 
combination of lenses is too striking to be casual ; and we are irre- 
sistibly impressed with the conviction that the combination is made 
to be nearly achromatic. The two meniscuses formed by the aqueous 
and vitreous humours, having the double convex crystalline placed 
between them of greater density than either, and the two former diflfor- 
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ing from eacb other in density^ appear to fulfil the conditions of achro- 
matism in a striking manner; and it is doubtless to this combination 
that is due the apparent freedom from colour in the image depicted on 
the retina. 

1095. Spherical aberration of the eye corrected. — Sir David 
Brewster is also of opinion that the spherical aberration of the eye 
is corrected by the varying density of the ciystalline lens, which, 
having a greater refractive power near its centre, refracts the central 
rays in each pencil to the same point as its external rays. 

The optic nerves R, which proceed from the two eyes, decussate^ 
that is, Qrosa each other like the, letter x, before they reach the 
brain. ^ 

1096. Effect of an illuminated object placed before the eye, — 
The structure of the eye being thus understood, it will be easy to 
explain the effect produced within it by luminous or illuminated 
objects placed before it. 

Let us suppose a pencil of light proceeding from any luminous 
object, such as the sun, incident upon that part of the eye-ball which 
is left uncovered by the open eye-lids. 

That part of the pencil which falls upon the white of the eye w, 
j%. 364., is irregularly reflected, and renders visible that part of the 
eye-ball. Those rays of the pencil which fall upon the cornea pass 
through it The exterior rays fall upon the iris, by which they are 
irregularly reflected, and render it visible. The internal rays pass 
through the pupil, are incident upon the crystalline, which, beihff 
transparent, is also penetrated by them, from which they pass through 
the vitreous humour, and finally reach the posterior surface of thie 
inner part of the eye, where they penetrate the transparent retina, 
and are received by the black surface of the choroid, uppn which they 
produce an illuminated spot. 

The aqueous humour being more dense than the external air, and 
the surface of the cornea, which includes it, being convex, rays pass- 
ing from the air into it will be rendered more convergent or loss 
divergent. In like manner, the anterior surface of the crystalline 
lens being convex, and that humour being more dense than the 
aqueous, a further convergent eflfect will be produced. 

Again, the posterior surface of the crystalline being convex towards 
the vitreous humour, and this latter humoiM: being less dense than 
the ciystalline, another convergent effect will take place. These rays 
passing successively through these three humours, are rendered at 
each surface more and more convergent. 

1097. Image formed within the eye. — If an object be placed be- 
fore the eye, pencils of rays will proceed from it, and penetrate tho 
successive humours ; and if these pencils be brought to a focus at the 
posterior surface of the eye, an inverted image of the object will be 
formed there, exactly as it would be formed by lenses composed of 
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any transparent medium wliose refracting powers would correspond 
with each of the humours of the eye. 

1098. Experimental proof of its existence. — That this phenome- 
non is actually produced in the interior of the eye may be rendered 
experimentally manifest by taking the eye-ball of an oi recently 
killed, and dissecting the posterior part, so as to lay bare the choroid. 
If the eye thus preplured be fixed in an aperture in a screen, and a 
candle be placed before it at a distance of eighteen or twenty inches, 
an inverted image of the candle will be seen through the retina, as if 
it were produced upon ground glass or oiled paper. 

1099. Immediate cause of vision, — It appears, then, that the im-^ 
mediate cause of vision, and the immediate object of perception in the 
sensorium when we see, is the image thus depicted on the retina by 
means of the refracting powers of the humours of the eye. 

1100. Conditions of perfect vision. — In order, therefore, to per- 
fect vision, the following conditions must be fulfilled : — 

1°. The image on the retina must be perfectly distinct. 

2°. It must have sufficient magnitude. 

3°. It must be sufficiently illuminated. 

4°. It must continue on the retina for a sufficient length of time. 

Let us examine the circumstances which affect these conditions. 

1101. 1°. Distinctness op the image. 

The image formed on the retina will be distinct or not, according 
as the pencils of rays proceeding from each point of the object placed 
before the eye, are brought to an exact focus on the retina or not. If 
they be not brought to an exact focus on the retina, their focus will 
be a point, therefore, beyond the retina, or within it. 

In either case, the rays proceeding from any part of the object, in- 
stead of forming a corresponding point on the retina, will form a spot 
of more or less magnitude, according to the distance of tHe focus of 
the pencil from the retina, and the assemblage of such luminous spots 
will form a confused picture of the object. This deviation of the 
foci of the pencils from the retina is caused by the refracting powers 
of the eye being cither too feeble or too strong. If tlie refracting 
power be too feeble, the rays are intercepted by the retina before they 
are brought to a focus ; if the refracting power be too strong, they are 
brought to a focus before they arrive at the retina. 

1102. Effects of distant and near objects. — The objects of vision 
may be distributed into two classes, in relation to the refracting powers 
of the eye : 1st, those which are at so great a distance from the eye, 
that the pencils proceeding from them may be regarded as consisting 
of parallel rays ; 2dly, those which are so near that their rays have 
sensible divergence. 

It has been stated that the diameter of the pupil varies from i to } 
an inch in magnitude, the variation depending upon a power of dilap 
tation and contraction with which the iris is endued. Taking the 
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diameter of tlie pupil at its greatest magnitude of a quarter of an 
inch, pencils proceeding from an object placed at the distance of three 
feet from the eye would have an extreme divergence amounting to 
less than half a degree ; and if the pupil be in its most contracted 
Btate when its (Hameter is only the one-eighth of an inch, then the 
divergence of the pencils proceeding from such an object would 
amount to about fifteen minutes of a degree. It may therefore be 
concluded, that pencils proceeding from all objects more distant from 
the eye than two or three feet, may be regarded as consisting of 
parallel rays. 

The pencils of rays, therefore, proceeding from all such objects will 
'be made to converge to the principal focus of the eye. 

11 03. Position of the optical centre of the eye. — Sir David Brew- 
ster concludes from observations made by him that the optical centre 
of the eye, that is to say, the point at which the axes of secondary 
pencils intersect the optic axis, is situate in the geometric centre of 
the eye-ball, and consequently must be a little within the crystalline. 
If, therefore, round this centre we imagine a spherical surface de- 
scribed, whose radius is equal to the focal distance of the combination 
of the humours of the eye, the image of all objects more distant 
from the eye than two or three feet will be found on such a surface. 
Now, since the retina is spread over the surface of the choroid, and 
since the form of the eye is spherical, and its diameter but an inch, 
it follows that the retina is a spherical surface, whose centre coincides 
with the optical centre of the eye, and which is at a distance from 
that centre of about half an inch. If the distance of the retina from 
this centre be exactly equal to the focal distance of the humours, 
then the foci of all pencils of parallel rays entering the eye will be 
formed upon it, and consequently it will receive distinct images of all 
objects whose distance from the eye exceeds two or three feet. But 
if the focal distance of the humours be less or greater than that, then, 
as already stated, the image on the retina will be indistinct. 

1104. Optical remedUs for defects in the refracting potoers of the 
eye. — The remedy for sucn a defect in vision is supplied by the pro- 
perties of convergent and divergent lenses, already explained. 

If the eye possess too little convergent power, a convergent lens is 
placed before it, which, receiving the parallel pencils, renders them 
convergent when they enter the pupil, and this enables the eye to bring 
them to a focus on the retina, provided the power of the lens be equal 
to the deficient convergence of the eye. 

If, on the other hand, the convergent power of the eye be too great^ 
so that the parallel rays are brought to a focus before arriving at the 
retina, a divergent lens is placed before the eye, by means of which 
parallel pencils are rendered divergent before they enter the pupil ; 
and the power of the lens is so adapted to the convergent power of 
the eye, that the rays shall be brought to a focus on the retina. 
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The two opposite defects of vision here indicated are generally 
called, the one weak-sightedness or farsightedness, and the other 
near-sightedness. 

If the objects of vision be placed so near the eye that the rays 
composing the pencils which proceed from them have sensible diver- 
gence, then the foci of these rays within the eye will be at a distance 
from the optical centre greater than the principal focus. If, there- 
fore, in this case, the principal focus fall upon the retina, the focus 
of rays proceeding from such near objects would fall beyond it, and 
consequently the image on the retina would be indistinct. 

1105. Power of the eye to adapt itself to objects differently dis- 
tant. — It follows, therefore, that eyes which see distant objects at 
the greater class of distances would see indistinctly all objects at less 
distances, unless there were in the eye some means of self-^justment> 
by which its convergent power may be augmented. Such means of 
self-adjustment are provided, which operate within certain limits, and 
by which we are enabled so to accommodate the eye to the divergence 
of the pencils proceeding from near objects, that the same eyes which 
are capable of seeing distinctly objects sensibly so distant as to ren- 
der the rays of the pencils sensibly parallel, are also capable of seeing 
with equal distinctness objects at distances varying from ten to twelve 
inches and upwards. 

llOfi. Experimental proof of this power. — By what means the 
convergent power of the humours is thus varied is not certainly 
known, but that such means of self-adjustment exist may be proved 
by the following experiment. 

Let a small black spot be made upon a thin transparent plate of 
glass, and let it be placed at a distance of about twelve inches from 
the eye. K the eye be directed to it, the spot will be seen as well as 
distant objects visible through the glass. Let the attention be ear- 
nestly directed to the black spot, so that a distinct perception of its 
form may be produced. The objects visible at a distance will then 
De found to become indistinct. 

But if the attention be directed more to the distant objects, so as 
to obtain a distinct perception of them, the perception of the black 
spot on the glass will then become indistinct. It is evident, there- 
fore, that when the eye accommodates itself so as to form upon the 
retina a distinct image of an object at twelve inches' distance, the 
image produced by objects at great distances will become indistinct; 
and that, on the other hand, when the eye so accommodates itself aa 
to render the image produced on the retina by distant objects distinct, 
the image produced by an object at twelve inches distance will become 
indistinct. 

1107. Hypotheses which explain this power. — It is evident, 
therefore, that the power of the eye to refract the pencils of light in- 
cident upon it, is to a certain extent under the control of the will; 
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but by wbat means tbis cbange in tbe refracting power of tbo organ 
is made is not so apparent. V arious hypotheses have been advanced 
to explain it. According to some, the form of the eye-ball, by a 
muscular action, is changed in such a manner as to increase the 
length of the optic axis, and thus to remove the posterior surface of 
the retina to a greater distance from the crystalline, when it is neces- 
sary to obtain a distinct view of near objects; and, on the contrary, 
to elongate* the transverse diameter of the eye, and shorten the optic 
axis so as to bring the retina closer to the crystalline, when it is de- 
sired to obtain a distinct view of distant objects. 

According to others, this change of form is only effected in the 
cornea, which being rendered more or less convex by a muscular ac- 
tion, gives a greater or less convergent power to the aqueous humour. 

According to others, the eye accommodates itself to different dis- 
tances by the action of the crystalline, which is moved by the ciliary 
processes either towards or from the cornea, thus transferring the focus 
of rays proceeding from it within a certain limit of distance to and 
from the retina; or, by a similar action of the ciliary process, the 
crystalline lens may be supposed to be rendered more or less convex, 
and thus to increase or diminish its convergent power. 

None of these hypotheses have, however, found general accepta- 
tion. It is denied as a matter of fact^ that the eye-ball is elongated, 
or that the curvature of the cornea is changed ; and it is doubted, to 
say the least of it, that the crystalline is capable either of displace- 
ment or change of convexity. 

1108. Explanation proposed by M. PouilleL — M. Pouillet main- 
tains (and affirms that his opinion is founded on the dissection of a 
great number of crystalline lenses) that this humour is composed of 
layers or strata one within another, differing in curvature and density, 
80 that its section would exhibit a series of concentrical ellipses hav- 
ing varying eccentricities. It would follow from this, that the inter- 
nid strata being more curved and more dense than the external strata, 
the rays which pass from the latter will converge to a more distant 
point than those which pass from the former. The crystalline, there- 
fore, according to M. Pouillet, has not one but many different foci. 

When a pencil of rays falls upon it, those rays which are near the 
axis of the pencil, and therefore near the centre of the crystalline, are 
brought to a shorter focus than those which are near the borders. 
According to the Jiypothesis advanced by M. Pouillet, the eye sees 
near objects, therefore, by means of the central rays, and distant ob- 
jects by means of those rays which fall near the borders of the crys- 
talline. 

The pencils which proceed from near objects being more divergent 
than those which proceed from distant objects, are refracted by the 
central part of the crystalline, so as to be brought to a focus on the 
retina^ while those rays of the same pencil which would fall upon the 
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borders of the crystalline would be brought to a focus bej(Hid the 
retina. 

When pencils, however, proceed from objects so distant that the 
rays composing them may be regarded as parallel, the central rays of 
such pencils would be brought to a focus before arriving at the retina, 
while the rays falling near the borders of the crystalline would be 
brought to a focus upon the retina. Now, according to these condi- 
j;ions, it would follow, that a certain confusion of vision would ensue 
in both cases ; for near objects, the image produced by the central 
rays would be rendered confused by the rays passing near the borders 
of the crystalline, which meet the retina before they are brought to a 
focus; and in the case of distant objects, the image formed by the 
rays passing near the borders of the crystalline would be rendered 
confused by those which pass near the centre of the crystalline, and 
which are. brought to a focus before they arrive at the retina. 

M. Pouillet meets these difficulties by the following considerations. 
He supposes that when the eye views near objects the pupil contracts 
itself, so as to intercept to a greater or less extent the external rays 
of the pencils, and to admit only to the crystalline those which fall 
immediately under its axis. In this way the confusion which would 
be produced by the external rays of the pencils is prevented. But 
the same expedient would not prevent the confusion produced in the 
image of distant objects by the central rays of the pencils brought to 
a focus before arriving at the retina. This difficulty M. Pouillet 
answers, by stating that the comparative number of the central 
rays is so small that their action upon the retina is inconsiderable 
compared with that of the external rays, and that consequently their 
effect is not sensible. 

M. Pouillet appeals to observation to establish the fact that the 
pupil always contracts when the eye views near objects. ''^""'y^ 

1109. Limits of. the power of adaptation to varying distance.-^ 1 / 
Whatever be the provisions made in the organization of the eye, by -»-^ 
which it is enabled to adapt itself to the reception of divergent pencils 
proceeding from near objects, the power with which it is thus endued 
has a certain limit. Thus, eyes which see distinctly distant objects, 
and which therefore bring parallel rays to a focus on the retina in 
their ordinary state, are not capable of seeing distinctly objects brought 
nearer to them than ten or twelve inches. The power of accommo- 
dating the vision to different rays is therefore limited to a divergence 
not exceeding that which is determined by the diameter of the pupil 
compared with a distance of ten or twelve inches. Now, as the di- 
ameter of the pupil is most contracted when the organ is directed to 
such near objects, we may assume it at its smallest magnitude at one- 
eighth of an inch, and therefore the divergence of a pencil proceeding 
from a distance of twelve inches would be jrsth, and the angle of di- 
vergence would therefore be very nearly half a degree. 
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It may, therefore, be assumed that eyes adapted to the yision of 
distant objects are in general incapable of seeing distinctly objects 
from which pencils have greater divergence than this, or, which is the 
same, objects applied at less than ten or twelve inches from the eye. 

1110. Case of eyes having feeble convergent power. — In the case 
of eyes whose convergent power is too feeble to bring pencils proceed* 
ii^ from distant objects to a focus on the retina, they will be in a still 
greater degree inadequate to bring pencils to a focus which diverge 
from near objects; and consequently such eyes will require to be 
aided, for near as well as distant objects, by the interposition of con- 
vergent lenses. It would, however, be necessary to provide lenses of 
different convergent powers for distant and near objects, the latter re- 
quiring a greater convergent power than the former ; and in general 
the nearer the objects viewed, the greater the convergent power re- 
quired from the lens. 

1111. Case of eyes having strong convergent potter, — In the 
case of eyes whose convergent power is so great as to bring pencils 
proceeding from distant objects to a focus short of the retina, and 
which therefore, for such distant objects, require the intervention of 
divergent lenses, distinct vision will be attained without the inter- 
position of any lens, provided the object be placed at such a distance 
that the divergence of the pencils proceeding from it shall be such 
that the convergent power of the eye bring them to a focus on the 
retina. 

Hence it is that eyes of this sort are called short-sighted^ because 
they can see distinctly such objects only as are placed at the distance 
which gives the pencils proceeding from them such a divergence, that 
the convergent power of the eye would bring them to a focus on the 
retina. 

1112. Method of ascertaining the power of the lens required by 
defective eyes. — If it be desired to ascertain the focal length of the 
divergent lens which such an eye would require to see distant objects 
distinctly, it is only necessary to ascertain at what distance it is en- 
abled to see distinctly the same class of objects without the aid of a 
lens. A lens having a focal length equal to this distance will enable 
the eye to see distant objects* distinctly, because such a lens would 
give the parallel rays a divergence equal to the divergence of pencils 
proceeding firom a distance equal to its focal length. 

1113. Power of adaptation to varying distance in short-sighted 
eyes. — Persons are said to be more or less near-sighted, according 
to the distance at which they are enabled to see objects with per- 
fect distinctness, and they accordingly require, to enable them to 
see distant objects distinctly, diverging lenses of greater or less focal 
length. 

As persons who are enabled to see distant objects distinctly have 
(he power of accommodating the eye so as to see objects at ten or 
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twelve inches' distance, so sliortrsighted persons have a fflmi^r powei 
of accommodation, but within proportionallj smaller limits. Thus a 
short-«ighted person will be enabled to see distinctly objects placed 
at distances from the eye varying from two or three inches npwards, 
according to the degree of short-sightedness with which he is affected. 

1114. Causes of short sight and long sight. — The two opposite 
defects of vision which have been mentioned, arising from too great 
or too little convergent power in the eye, may arise, either from a 
defect in the quality of the humours or in the form of the eye. Thus 
near-sightedness may arise from too great convexity in the cornea or 
in the crystalline, or it may arise from too great a difference of den- 
sity between the aqueous humour and the crystalline, or between the 
crystalline humour and the vitreous, or both of them ; or, in fine, it 
may arise from defects both of the form and of the relative densities 
of the humours. 

1115. Defective sight arising from imperfect transparency o/ the 
humours, — In a certain class of maladies incidental to the sight, the 
humours of the eye lose in a greater or less degree their transparency, 
and the crystalline humour is more especially liable to this. In such 
cases vision is sometimes recovered by means of the removal of the 
crystalline humour, in which case the vision is roduced to two 
humours, the aqueous and the vitreous ; but as the eye owes in a 
greater degree to the crystalline than to the other humours the con- 
vergent power, it is necessary in this case to supply the place of the 
crystalline by a very strong convergent lens placed before the eye. 

1116. 2°. Magnitude op the image on the retina. 

In order to obtain a perception of any visible object, it is not enough 
that the image on the retina be distinct, it must also have a certain 
magnitude. 

Let us suppose that a white circular disk, one foot diameter, is 
placed before the eye at a distance of 67i feet. 

The axes of the pencils of rays proceeding from such disk to the 
eye will be included within a cone, whose base is the disk, and whose 
vertex is in the centre of the eye. 

These axes, after intersecting at the centre of the eye, will form 
another cone, whose base will be the image of the disk formed upon 
the retina. The common angle of the two cones will in this case 
be P. 

Let A B, fg, 366., be the diameter of the disk. Let o be the 
oontre of the eye, and let 6 a be the diameter of the image on the 




Fig. 366. 
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retina. It ir clear, from the perfect similarity of the triangles A OB 
and achf that the diameter of the image b a will have to the diameter 
of the object b a the same proportion as the distance a c of the retina 
from the centre has to the distance A c of the object from the same 
centre. Therefore in this case, since one-half the diameter of the eye 
is but half an inch, and the distance A o is in this case supposed to 
be 57i feet, the magnitude of the diameter ft a of the image on the 
retina will be found by the following proportion : — 

abiJLBi: }:67}X 12 = 690. ^ 

Therefore we have 

_ |X AB ^ 6 _ J^ 
^ T90 " 690 "■ IT5' 

The total magnitude, therefore, of the diameter of the image on 
the retina would in this case be the tVj^^ P^^ ^^ ^° i°^^ t J^^ ^^^^ 
is the exquisite sensibility of the organ, that the object is in this case 
distinctly visible. 

If the disk were removed to twice the distance here supposed, the 
angle of the cone c would be reduced to half a degree, and the diame- 
ter of the image on the retina would be reduced to one-half its for- 
mer magnitude, that is to say, to the ^^o^^ P^^ ^^ ^^ ^°^^- ^fy ^^ 
the other hand, the disk were moved towards the eye, and placed at 
half its original distance, then the angle o of the cone would be 2°, 
and the diameter of the picture on the retina would be double its first 
magnitude, that is to say, the r'^th of an inch. 

In general, it may therefore be inferred that the magnitude of the 
diameter of the picture on the retina is increased or diminished in 
exactly the same proportion as the angle of the cone 0, formed at the 
centre of the eye, is increased or diminished. 

1117. The visual angle or apparent magnitude: — This angle is 
called the visual angle or apparent magnitude of the object; and 
when it is said that a certain object subtends at the eye a certain 
angle, it is meant that lines drawn from the extremities of such object 
to the centre of the eye form such angle. 

The apparent magnitude of an object must not be confounded with 
its apparent superficial magnitude, the term being invariably applied 
to its linear magnitude. The apparent superficial magnitude varies 
in proportion to the square of the apparent magnitude. 

Thus, for example, when the disk AB is removed to double its 
original distance from the eye, the apparent magnitude, or the angle 
G, is diminished one-half, and consequently the diameter ab of the 
picture on the retina is also diminished one-half; and since the diame- 
ter is diminished in the ratio of 2 to 1, the superficial magnitude of 
the image, or its area, will be diminished in the proportion of 4 to 1. 

1118. Apparent magnitude increases in proportion as the distance 
diminishes, and vice versd. — It is cigar from what has been stated 
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also, tbat when the same object is moved from or towards the eje, its 
apparent magnitude varies inversely as its distance ; that is, its appa« 
rent magnitude is increased in the same proportion as its distance is 
diminished, and vice versd. 

It is easy to perceive that the objects which are seen under the 
same visual angle will have the same apparent magnitude. Thus let 
a' 'Slyjig. 366., be an object more distant than A B, and of such a 
magnitude that its highest point a' shall be in the continuation of the 
line A, and its lowest point b' in the continuation of the line c B. 
The*' apparent magnitude of a' b' will then be measured by the angle 
at 0. This angle will therefore at the same time represent the appa- 
rent magnitude of the object A B and of the object a' b'. It is evi- 
dent that an eye placed at o will see every point of the object A b 
upon the corresponding points of the object a' b' ; so that if the 
object A B were opaque, and of a form similar to the object A' b', 
every point of the one would be seen upon a corresponding point of 
the other. In like manner, if an object a" b'' were placed nearer 
the eye than A B, so that its highest point may lie upon the line c A, 
and its lowest point upon the line o B, the object, being similar in 
form to A B, would appear to be of the same magnitude. Now it is 
evident that the real magnitudes of the three objects a" b", a b, and 
a' b', are in proportion of their respective distances from the eye; 
a' b' is just so much greater than A B, and A B than a'' b", as b' is 
greater than o b, and as o b greater than o b". 

Thus it appears that if several objects be placed before the eye in 
the same direction at different distances, and that the real linear mag- 
nitudes of these objects are in the proportion of their distances, they 
will have the same apparent magnitude. 

1119. Case of the sun and moon illustrates this. — A striking ex- 
ample of this principle is presented by the case of the sun and moon. 
These objects appear in the heavens equal in si^e, the full moon being 
equal in apparent magnitude to the sun. Now it is proved by astro- 
nomical observation that the real diameter of the sun is, in round 
numbers, four hundred times that of the moon ; but it is also proved 
that the distance of the sun from the earth is also, in round numbers, 
four hundred times greater than that of the moon. The distance, 
therefore, of these two objects being in the same proportion as their 
*eal diameter, their visual or apparent magnitudes are equal. 

1120. Apparent magnitude corresponds with the real magnitude 
fithe picture on the retina. — It is evident from what has been ex- 
plained, that objects which have equal apparent magnitudes, and are 
therefore seen under equal visual angles, will have pictures of equal 
magnitude on the retina, a fact which proves that the visual angle is 
the measure of the apparent magnitude. 

1121. The apparent magnitude of an object diminished by remov* 
ing it from the eye. — If the same object be moved successively to 

623 



154 LIGHT. 

increasing distances, its apparent magnitude will be diminished in the 
same proportion, exactly as its distance from the eye is increased. 
Thus, if L lAfJig, 367., be such an object, its distance £ M being ex- 




Fig. 367. 

pressed by d, and its height l M by H, the visual angle L e M, which 
measures its apparent magnitude, will be expressed, according to what 

•a 

what has been formerly explained, by — . K the object be now removed 

to double its former distance, such as £ m', the visual angle or apparent 

magnitude l' e^m' will be expressed by ^— , which is just one-half — , the 

former visual angle ; and, in like manner, if the object be removed to 
three times its first distance, such as E m", its visual angle or apparent 

XT 

magnitude will be ^ — , which is one-third of its original apparent 

magnitude. 

1122. Apparent superficial magnitude. — The apparent superficial 
magnitude of a body is determined by a section of the body made by 
a plane at right angles to the lines containing the visual angle. 
Thus, the apparent superficial magnitude of the sun or moon is de- 
termined by a section of those bodies passing through the points where 
lines drawn from the eye touching them would meet them, which, in 
consequence of the great distance of these bodies, would be a circular 
section through their centres, and at right angles to a line drawn from 
the centre to the eye. 

1123. Section of vision, — This circle, in the case of the sun or 
moon or other celestial object, is called the circle of vision; and a 
corresponding section of any other object drawn at right angles to the 
sides of the visual angle would be called the section of vision. 

For all distant objects, this section is a plane at right angles to the 
direction in which the object is seen. 

1124. The smallest magnitudes which can he distinctly seen. — 
If the circular disk a B,Jig. 366., which we have supposed to be pre- 
sented before the eye at a distance of fifty-seven and a half times its 
own diameter, and which therefore subtends at the centre of the eye 
a visual angle of 1^, be removed to a distance sixty times greater, or 
to a distance equal to 3,450 times its own diameter, it will subtend 
an angle at o proportionally less, which will therefore be, in this case, 
an angle of one minute ; uud if it be removed to double the latter dis- 

624 



THE EYE. 155 

tance, or 6^900 times its own diameter, it will subtend a visual angle 
of thirty seconds. Now it is found that if such an object be directly 
illuminated by the sun, it will be barely visible. This limit, however, 
depends as well on the colour of the objec^ as on the degree of its 
illumination. Plateau affirms that a white disk, such as we have here 
supposed to be presented to the eye, if the light of the sun shone fully 
upon it, will be visible when seen under a visual angle of twelve se 
conds, or the one-fifth part of a minute. The disk would subtend thL 
angle at the eye if placed at a distance equal to 17,250 times its di- 
ameter. 

He says also that if the disk, under the same circumstances, were 
red, it would be distinctly seen until its apparent magnitude were 
reduced to twenty-three seconds ; and that if it were blue, the limit 
would be twenty-six seconds ; but that, if instead of being illuminated 
by the direct solar light, it were illuminated by the light of day re- 
flected from the clouds, these limiting angles would be half as large 
again. 

1125. Distinctness of vision compared with the magnitude of the 
pictures on the retina. — Nothing can be more calculated to excite 
our wonder and admiration than the distinctness of our perception of 
visible objects, compared with the magnitude of the picture on the 
retina, from which immediately we receive such perception. 

1126. Example of the picture of the full moon on the retina. — If 
we look at the full moon on a clear night, we perceive with consider- 
able distinctness by the naked eye the lineaments of light and shade 
which characterize its disk. 

Now let us consider only for a moment what are the dimensions of 
the picture of the moon formed on. the retina, from which alone we 
derive this distinct perception. 

The disk of the moon subtends a visual angle of half a degree, 
and consequently, according to what has been explained, the diameter 
of its picture on the retina will be ^J^th part of an inch, and the 
entire superficial magnitude of the image from which we derive this 
distinct perception is less than the j^^^^jth part of a square inch ; 
yet within this minute space, we are able to distinguish a multiplicity 
of still more minute details. We perceive, for example, forms of 
light and shade, Whose linear dimensions do not exceed one-tenth part 
of the apparent diameter of the moon, and which therefore occupy 
upon the retina a space whose diameter does not exceed the Tmt jv^vth 
part of a square inch. 

1127. Example of the human figure. — To take another example, 
the figure of a man 70 inches high, seen at a distance of 40 feet, 
produces an image upon the retina the height of which is about one- 
fourteenth part of an inch. The face of such an image is included 
in a circle whose diameter is about one-twelfth of the height, and 
therefore occupies on the retina a circle whose diameter is about the 
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^if^th part of an inch ; nevertheless, within this circle, the eyes, nose, 
and lineaments are distinctly seen. The diameter of the eye is about 
one-twelfth of that of the face, and therefore, though distinctly seen, 
does not occupy upon ihe retina a space exceeding the rrvlinnrth of 
a square inch. 

If the retina be the canvas on which this exquisite miniature is 
delineated, how infinitely delicate must be its structure, to receive and 
transmit details so minute with such marvellous precision; and if, 
according to the opinion of some, the perception of these details be 
obtained by the retina /ee/tit^ the image, formed upon the choroid, 
how exquisitely sensitive must be its touch ! 

1128. 3*^. Sufficiency of illumination. 

It is not enough for distinct vision that a well-defined picture of 
the object shall be formed on the retina. This picture must be suffi- 
ciently illuminated to affect the senses, and at the same time not be 
so intensely illuminated as to overpower the organ. 

Thus it is possible to conceive a picture on the retina so extremely 
faint as to be insufficient to produce sensation, or, on the other hand, 
60 intensely brilliant as to dazzle the eye, to destroy the distinctness 
of sense, and to produce pain. 

When we direct the eye to the sun, near the meridian, in an 
unclouded sky, we have no distinct perception of his disk, because 
the splendour is so great as to overpower the sense of vision, just as 
sounds are sometimes so intense as to be deafening. 

That it is the intense splendour alone which prevents a distinct 
perception of the solar disk in this case is rendered manifest by the 
fact that if a portion of the solar rays be intercepted by a coloured 
glass, or by a thin cloud, a distinct image of the sun will be seen. 

When we direct the eye to the firmament on a clear night, there 
are innumerable stars which transmit light to the eye, and which 
therefore must produce some image on the retina, but of which we 
are altogether insensible, owing to the faintness of the illumination. 
That the light, however, does enter the eye and arrive at the retina 
is proved by the fact that if a telescope be directed to the stars in 
question, so as to collect a greater quantity of their light upon the 
retina, they will become visible. 

1129. The eye has power of accommodation to different degrees 
of illumination. — The eye possesses a certain limited power of accom- 
modating itself to various degrees of illumination. Circumstances 
which are familiar to every one render the exercise of this power 
evident. 

If a person, after remaining a certain time in a dark room, pass 
suddenly into another room strongly illuminated, the eye suffers 
instantly a degree of inconvenience, and even pain, which causes the 
eyelids to close ; and it is not until after the lapse of a certain time 
(hat they can be opened without inconvenience. 
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The cause of this is easily explained. While the observer remains 
in the darkened or less illuminated room, the pupil is dilated so as 
to admit into the eye as great a quantity of light as the structure of 
the organ allows of. When he passes suddenly into the strongly illu- 
minated room, the flood of light arriving through the widely dilated 
pupil acts with such violence on the retina as to produce pain, which 
necessarily calls for the relief and protection of the organ. The iris, 
then, by an action peculiar to k, contracts the dimensions of the pupil 
80 as to admit proportionally less light, and the eye is opened with 
impunity. 

Effects the reverse of these are observed when a person passes from 
a strongly illuminated room into one comparatively dark, or into the 
open air at night. For a certain time he sees nothing, because the 
contraction of the pupil, which was adapted to the strong light to 
which it had previously been exposed, admits so little light to the 
retina that no sensation is produced. The pupil, however, sSter awhile 
dilates, and, admitting more light, objects are perceived which were 
before invisible.* 

1130. Relative brilliancy of equidistant luminaries, — brightness 
of the picture on tfie retina. — If two points from which light radiates 
be placed at the same distance from the eye, the brightness of their 
image on the retina will be in proportion to their absolute brilliancy. 
But if either point be removed to a greater distance, the number of 
rays passing from it which enter the pupil will be diminished in the 
same proportion as the square of its distance is increased, and vice 
versd. It consequently follows that the brightness of each point of 
the image to an object formed upon the retina will be in direct pro- 
portion to the absolute brilliancy of such point, and in the inverse 
proportion of the square of its distance from the eye. 

Thus, if I express the intensity of the light of the point upon the 
object, and D its distance from the eye, then the brightness of the 

image of such point upon the retina will be expressed by -j* 

It is therefore clear that the brightness of the image of each point 
of an object will be diminished as the square of the distance of the 
object from the eye is increased. 

1131. Apparent brigJUness the same at all distances. — It is some- 
times inferred from this, though erroneously, that the apparent splen- 

* *<Thus, when the lamp that lighted 
The traveller at first, goes out, 
He feels awhile benighted, 
And wanders on in fear and doubt; 
But soon the prospect clearing, 
In cloudless starlight on he treads, 
And finds no lamp so cheering 
As that light which Heaven sheds.** — Moobb. 
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dour of the image of a visible object decreases as the square of the 
distance increases. This would be the case in the strictest sensC; i^ 
while the object were withdrawn from the eye to an increased dis- 
tance, its image on the retina continued to have the same magnitude ; 
for, in this case, the absolute brightness of each point composing such 
image would diminish as the square of the distance increases, and 
the area of the retina over which such points are diffused would re- 
main the same ; but it must be considered, that as the object retires 
from the eye the superficial magnitude of the image on the retina is 
diminished in the same proportion as the square of the distance of the 
object from the eye is increased. It therefore follows that while the 
points composing the image on the retina are diminished in the in- 
tensity of their illumination, they are collected into a smaller space, 
so that what each point of the image on the retina loses in splendour, 
the entire image gains by concentration. 

1132. If the distance of the sun were increased or diminUtied^ its 
apparent magnitude would he changed^ hut its apparent brightness 
would remain the same, — If the sun were brought as close to the 
earth as th« moon, its apparent diameter would be 400 times greater, 
and the area of its apparent disk 160,000 times greater than at 
present, but the apparent brightness of its surface would not be in 
any degree increased. In the same manner, if the sun were removed 
to ten times its present distance, it would appear under a visual angle 
ten times less thaft at present, as in fact it would to an observer on 
the planet Saturn, and its visible area would be a hundred times less 
than it is, but the splendour of its diminished area would be exactly 
the same as the present splendour of the sun's disk. 

These consequences, which are of considerable physical importance, 
obviously follow from the principles explained above. 

The sun seen from the planet Saturn has an apparent diameter ten 
times less than it has when seen from the earth. 

The appearance from Saturn will then be the same as would be 
the appearance of a portion of the disk of the sun seen from the 
earth through a circular aperture in an opaque plate, which would ex- 
hibit a portion of the disk whose diameter is one-tenth of the whole. 

1133. An object may he visible even though it have no sensible 
visual magnitude. — The fixed stars examples of this. — When the 
light which radiates from a luminous object has a certain intensity, it 
will continue to affect the retina in a sensible manner, even when the 
object is removed to such a distance that the visual angle shall cease 
to have any perceivable magnitude. The fixed stars present innume- 
rable examples of this effect. None of these objects, even the most 
brilliant of them, subtend any sensible angle to the eye. When viewed 
through the most perfect telescopes they appear merely as brilliant 
points. In this case, therefore, the eye is affected by the light alone, 
and not by the magnitude of the object seen. 
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1134. Btf increase of distance, ^otoever, such objects may cease 
to affect the retina sensibly. — Nevertheless, the distance of such an 
object may be increased to such an extent that the light, intense aa it 
is, will cease to produce a sensible effect upon the retina. 

It will be explained in the second volume of this series, that seven 
classes of the fixed stars, diminishing gradually in brightness,'*' pro- 
duce an effect on the retina such as to render them visible to a 
naked eye. This diminution of splendour is produced by their in- 
creased distance. The telescope, however, as has been already stated, 
brings into view innumerable other stars, whose intrinsic splendour is 
as great as the brightest ainong those which we see, but which do not 
transmit to the retina, without the aid of the -telescope, enough of 
light to produce any sensible effect. Nevertheless it is demonstrable 
that, even without the telescope, they do transmit a certain definite 
quantity of light to the retina ; the quantity of light which they thus 
transmit, and which is insufficient to produce a sensible effect, having 
to the quantity obtained by .the telescope a ratio depending upon the 
proportion of the magnitude of the object-glass of the telescope to the 
magnitude of the pupil. 

1135. The intensity of illumination necessary to produce sensa* 
tion also depends on the relative splendour of other objects present 
be/ore the eye. — The quantity and intensity of the light transmitted 
by an external object to the retina, which is sufficient to produce a 
perception of such object, depends also upon the light received at the 
same time by the retina from other objects present before the eye. 
The proof of this is, that the same objects which are visible at one 
time are not visible at another, though equally before the eye, and 
transmitting equal quantities of light of the same intensity to the re- 
tina. Thus, the stars are present in the heavens by day as well as 
by night, and transmit the same quantity of light to the retina, yet 
they are not visible in the presence of the sun, because the light pro- 
ceeding from that luminary, directly and indirectly reflected and re- 
fracted by the air and innumerable other objects, is so much greater 
in quantity and intensity as to overpower the inferior and much less 
intense light of the stars. This case is altogether analogous to that 
of the ear, which, when under the impression of loud and intense 
sounds, is incapable of perceiving sounds of less intensity, which ne- 
vertheless affect the organ in the same manner as they do when, in 
the absence of louder sounds, they are distinctly heard. 

Even when an object is perceived, the intensity of the perception 
b relative, and determined by other perceptions produced at the same 
time. Thus, the moon seen at night is incomparably more splendid 
than the same moon seen by day or in the twilight, sJthougb in each 

* The term magnitude is used in astronomy, as applied to the fixed stars, 
to express their apparent brightness ; no fixed star, however splendid, sub* 
tends any sensible angle. 
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ease the mooti transmits preciselj the same qnantity of light, of pre- 
cisely tbe same intensity, to the eye ; but in the one case the eye n 
overpowered by the superior splendour of the light of day, which dims 
the comparatively less intense light proceeding from the moon. 

1136. 4°. Thb image must continue a sufficient time upon 
the retina to enable that membrane to produce a percep- 
tion op it. 

It will be proved hereafter that the velocity with which light is 
propagated through space is at the rate of about 200,000 miles per 
second. Its transmission, therefore, from all objects at ordinary dis- 
tances to the eye may be considered as instantaneous. The moment, 
therefore, any object is placed before the eye an image of it is formed 
on the retina, and this image continues there until the object is re- 
moved. Now it is easy to show experimentally that an object may 
be placed before the eye for a certain definite interval of time, and 
that a picture may be painted upon the retina during that interval 
without producing any perception or any consciousness of the presence 
of the object 

To illustrate this, let a circular disk a b c D, Jig, 868, about 20 

inches in diameter, be formed 
in card or tin, and let a circle 
a' b' o' d' be described upon it, 
about 2 inches less in radius 
than the disk, so as to leave be- 
tween the circle and the disk a 
zone about two inches wide. 
Let the entire zone be black- 
I * ened, except the space a m m' a', 
forming about the one-twentieth 
of it. Let the disk thus pre- 
pared be attached to the back 
of a blackened screen, so as to 
be capable of revolving behind 
it, and let a hole one inch in 
diameter be made in the screen 
Kg. 868 at any point, behind which the 

zone A b c D is placed. If the 
disk be now made to revolve behind the screen, the hole will appear 
as a circular white spot so long as the white space A m passes behind 
it, and will disappear, leaving the same black colour as the screen 
during the remainder of the revolution of the disk. The hole will 
therefore be seen as a white circular spot upon the black screen during 
one-twentieth of each revolution of the disk. If the disk be now 
put in motion at a slow rate, the white hole will be seen on the screen 
during one-twentieth of each revolution. If the velocity of rotation 
imparted to the disk be gradually increased, the white spot will ulti- 
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mately disappear, and the screen appear of a unifonn black oolonr, 
although it be certain that during the twentieth part of each revolu- 
tion, whatever be *he rate of rotation, a picture of the white spot is 
formed on the retina. 

1137. To determine experimentally the time a picture must con^ 
tinue on the retina to produce sensation, — The length oi time neces- 
sary in this case for the action of light upon the retina to produce 
sensation may be determined by ascertaining the most rapid motion 
of the disk which is capable of producing a distinct perception of the 
white spot. This interval will be found to vary with the degree of 
illumination. If the spot be strongly illuminated, a less interval will 
be sufficient to produce a perception of it; if it be more feebly illu- 
minated, a longer interval will be required. The experiment may be 
made by varying the colour of the space A M of the zone, and it will 
be found that the interval necessary to produce sensation will vary 
with the colour as well as with the degree of illumination. 

1138. The perception of a visible object is continued for a cer* 
tain time after the object is removed from before the eye, — Nume- 
rous observations on the most familiar effects of vision, and various 
experiments expressly contrived for the purpose, show that the retina, 
when once impressed with the picture of an object placed before the 
eye, retains this impression, sometimes with its full intensity and 
sometimes more faintly, just as the ear retains for a time the sensa- 
tion of a sound after the cause which has put the tympanum in vibra- 
tion has ceased to act. The duration of this impression on the retina, 
after the removal of the visible object which produced it, varies ac* 
cording to the degree of illumination and the colour of the object. 
The more intense the illumination, and the brighter the colour, the 
longer will be the interval during which the retina will retain their 
effects. 

1189. Experimental illustration of this, — To illustrate this ex- 
perimentally, let a circular disk formed of blackened card or tin, of 
12 or 14 inches in diameter, be pierced with 8 holes round its cir- 
cumference, at equal distances, each hole 
being about half an inch in diameter, as 
represented in fg, 369. 

Let this disk be attached upon a pivot 
or pin at its centre o to a board A B c D^ 
which is blackened everywhere, except upon 
a circular spot at v, corresponding in mag- 
nitude to the holes made in the circular 
plate. 

Let this spot be first supposed to be 
white. Let the circular disk be made to 
revolve upon the point o, so as to bring the 
circular holes successively before the white spot at v. The retina 
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will thus be impressed at intervals with the image of this circular 
white spot. In the intervals between the transits of the holes over 
it, the entire board will appear black, and the retina will receive no 
impression. If the disk be made to revolve with a very slow motion, 
the eye will see the white spot at intervals, but if the velocity of ro- 
tation be gradually increased, it will be found that the eye will per- 
ceive the white spot permanently represented at v, as if the disk had 
been placed with one of its holes opposite to it without moving. It 
is evident, therefore, that in this case the impression produced upon 
the retina, when any hole is opposite the white spot, remains until 
the succeeding hole comes opposite to it, and thus a continued per- 
ception of the white spot is produced. 

If the white spot be illuminated in various degrees, or if it be dif- 
ferently coloured, the velocity of the disk necessary to produce a con- 
tinuous perception of it will differ. The brighter the colour and the 
stronger the illumination, the less will be the velocity of rotation of 
the disk which is necessary to produce a continuous perception of the 
spot. 

These effects show that the stronger the illumination and the brighter 
the colour, the longer is the interval during which the impression is 
retained by the retina. 

1140. Why we are not sensible of darkness toJien we wink. — 
This continuance of the impression of external objects on the retina, 
after the light from the objects ceases to act, is also manifested by the 
fsbcty that the continual winking of the eyes for the purpose of lubri- 
cating the eye-ball by the eye-lid does not intercept our vision. If 
we look at any external objects, they never cease for a moment to be 
visible to us, notwithstanding the frequent intermissions which take 
place in the action of light upon the retina, in consequence of its being 
thus intercepted by the eye-lid. 

1141. Experitnental illustration suggested by Sir D. Brewster. 
— According to Sir David Brewster, the most instructive experiment 
on this subject, which, however, requires a great deal of practice to 
be made with success, is to look for a short time at a window at the 
end of a long room, and then suddenly to turn the eye to a dark wall. 
In general, a common observer will in this case see a representation 
of the window on the wall, in which, however, the dark bars of the 
sash will appear white and the panes of glass dark. 

A practised observer, however, who makes the observation with 
great promptness, will see at the moment his eyes are turned to the 
wall a correct representation of the window. This representation will 
almost immediately be succeeded by the reversed picture just men- 
tioned, in which the bars are bright and the panes dark. 

1142. Why a lighted stick revolving produces apparently a lumi' 
nous ring. — If a lighted stick be turned round in a circle in a dark 
room, the appearance to the eye will be a continuous circle of light; 
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for in this case the impression produced upon the retina by the light, 
when the stick is at any point of the circle; is retained until the stick 
returns to that point. 

1143. Flash of lightning, — In the same manner, a flash of light- 
ning appears to the eye as a continuous line of light, because the 
light emitted at any point of the line remains upon the retina until 
the cause of the light passes over the succeeding points. 

In the same manner, any objects moving be^re the eye with such 
a velocity that the retina shall retain the impression produced at one 
point in the line of its motion until it passes through the other points, 
will appear as a continuous line of light or colour. 

1144. Why an object moving with a great speed becomes invisible. 
— But to produce this effect, it is not enough that the body change 
its position so rapidly that the impression produced at one point of 
its path continue until its arrival at another point ; it is necessary, 
also, that its motion should not be so rapid as to make it pass from 
any of the positions which it successively assumes before it has time 
to impress the eye with a perception of it; for it must be remem- 
bered, as has been already explained, that the perception of a visible 
object presented to the eye, though rapid, is not instantaneous. 

The object must remain present before the organ of vision a cer- 
tain definite time, and its position must continue upon the retina 
during such time, before any perception of it is obtained. Now, if 
the body move from its position before the lapse of this time, it neces- 
sarily follows that no perception of its presence, therefore, will be 
obtained. If, then, we suppose a body moving so rapidly before the 
eye that it remains in no position long enough to produce a perception 
of it, such object will not be seen. 

1145. Example of a cannon-ball — Hence it is that the ball dis- 
charged from a cannon passing transversely to the line of vision is 
not seen ; but if the eye be placed in the direction in which the ball 
moves, so that the angular motion of the ball round the eye as a centre 
will be slow notwithstanding its great velocity, it will be visible, be- 
cause however rapid its real motion through space, its angular motion 
with respect to the eye (and consequently of the image of its picture 
on the retina) will be sufficiently slow to give the necessary time foi 
the production of a perception of it, 

1146. Quickness of vision depends on colour, brightness, and mag-' 
nitude. — The time thus necessary to obtain the perception of a visible 
object varies with the degree of illumination, the colour, and the ap- 
parent magnitude of the object. The more intense the illuminatioii, 
the more vivid the colour, and the greater the apparent magnitude, 
the less will be the time nee^sary to produce a perception of the 
object, 

1147. Conditions which determine apparent motion. — In applying 
this principle to the phenomena of vision, it must be carefully remem« 
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leered that the question is affected, not by the real but by the appa- 
rent motion of the object, that is to say, not by the velocity with 
which the object really moves through space, but by the angle which 
the line drawn from the eye to the object describes per second. Now 
this angle is affected by two conditions, which it is important to attend 
to : 1^. the direction of the motion of the object compared with the 
line of vision ; and 2°, by the velocity of the motion compared with 
the distance of the object. If the object were to move exactly in the 
direction of the line of vision, it would appear to the eye to be abso- 
lutely stationary, since the line drawn to it would have no angular 
motion ; and if it were to move in a direction forming an oblique 
angle to the line of vision, its apparent motion might be indefinitely 
slow, however great its real velocity might be. 

For example, let it be supposed that the eye being at IE, Jig, 370, 
an object o moves in the direction o o', so as to move from o to o' in 




one second. Taking £ as a centre, and £ o as a radius, let a circular 
arc o o" be described. The apparent motion of the object will then 
be the same as if, instead of moving from o to o' in one second, it 
moved from o to o" in one second. 

The more nearly, therefore, at right angles to the line of vision the 
direction of the motion is, the greater will be the apparent motion 
produced by any real motion of an object. 

1148. How apparent motion is affected by distance. — A motion 
which is visible at one distance may be invisible at another, inasmuch 
as the angular velocity will be increased as the distance is diminished. 

Thus if an object at a distance of 57} feet from the eye move at 
the rate of a foot per second, it will appear to move at the rate of 
one degree per second, inasmuch as a line one foot long at 57 J feet 
distance subtends an angle of one degree. Now if the eye be removed 
from such an object to a distance of 115 feet, the apparent motion 
will be half a degree, or 'thirty minutes per second ; and if it be 
removed to thirty times that distance, the apparent motion will be 
thirty times slower. Or if, on the other hand, the eye be brought 
nearer to the object, the apparent motion will be accelerated in exactly 
the same proportion as the distance of the eye is diminished. 

1149. Example of a cannon-hall and the moon. — A cannon-ball 
moving at 1000 miles an hour transversely to the line of vision, and 
At a distance of 50 yards from the eye, will be invisible, since it will 
not remain a sufficient time in any one position to produce perception. 
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The moon, however, moving with more than doable the velocity of 
the cannon-ball, being at a distance of 240,000 miles, has an apparent 
motion, so slow as to be imperceptible. 

1150. fVhat motions are imperceptible. — The ^angular motion of 
the line of vision may be so diminished as to become imperceptible ; 
and the body thus moved will in this case appear stationary. It is 
found by experience that unless a body moves in such a manner that 
the line of vision shall describe at least one degree in each minute of 
time, its motion will not be perceptible. 

1151. Why the diurnal motion of the heavens is not immediately 
perceptible, — Thus it is that we are not conscious of the diurnal 
motion of the firmament. If we look at the moon and stars on a 
clear night, they appear to the eye to be quiescent ; but if we observe 
them after the lapse of some hours, we find that their positions are 
changed, those which were near the horizon being nearer the meri- 
dian, and those which were in the meridian having descended towards 
the horizon. Since we are conscious that this change did not take 
place suddenly, we infer that the entire firmament must have been in 
continual motion round us, but that this motion is so slow as to be 
imperceptible. 

Since the heavens appear to make a complete revolution in twenty- 
four hours, each object on the firmament must move at the rate of 
15° an hour; or at the rate of one quarter of a degree a minute. But 
since no motion is perceptible to the eye which has a less apparent 
velocity than 1° per minute, this motion of the firmament is unper- 
ceived. If, however, the earth revolved on its axis in six hours in- 
stead of twenty-four hours, then the sun, moon, stars, and other ce- 
lestial objects, would have a motion at the rate of 60° an hour, or 1° 
per minute. The sun would appear to move over a space equal to 
twice its own diameter each minute, and this motion would be dis- 
tinctly perceived. 

The fact that the motion of the hands of a clock is not perceived is 
explained in the same manner. 

1152. Why objects in extremely rapid motion are not perceivable. 
— But if the object which thus moves be not sufficiently illuminated, 
or be not of a sufficiently bright colour to impress the retina sensibly, 
it will then, instead of appearing as a continuous line of colour, cease 
to be visible altogether ; for it does not remain in any one position 
hug enough to produce a sensible effect upon the retina. It is for 
this reason that a ball projected from a cannon or a musket, though 
passing before the eye, cannot be seen. If two railway trains pass 
each other with a certain velocity, a person looking out of the window 
of one of them will be unable to see the other. If the velocity be 
very moderate, and the light of the day sufficiently strong, the ap- 
pearance of the passing train will be that of a flash of colour formed 
by the mixture of the prevailing colours of the vehicles composing it. 
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An expedient has already been described to show experimentally 
that the mixture of the seven prismatic colours, in their proper pro- 
portions; produce white light, depending on this principle. The 
colours are laid upon a circular disk surrounding its edge, which they 
divide into parte proportional to the spaces they occupy in the spec- 
trum. When the disk is made to revolve, each colour produces, like 
the lighted stick, the impression of a continuous ring, and conse- 
quently the eye is sensible of seven rings of the several colours super- 
posed one upon the other, which thus produce the effect of their com- 
bination, and appear as white or a whitish grey colour, as already 
explained. 

1153. The durafion of the impression on the retina varies with 
the brightness of the object, — The duration of the impression upon 
the retina, after the object producing it is removed, varies according 
to the vividness of the light proceeding from the object, being longer 
according as the light is more intense. It was found that the light 
proceeding from a piece of coal in combustion moved in a circle at a 
distance of 165 feet, produced the impression of a continuous circle 
of light when it revolved at the rate of seven times per second. The 
inference from this would be that in that particular case the impres- 
sion upon the retina was continued during the seventh part of a se- 
cond after the removal of the object. 

It is from the cause here indicated that forked lightning presents 
the appearance of a continuous line of light. 

1154. ^nd also with its colour, — The duration of the impression 
on the retina varies also with the colour of the light, that produced 
by a white object being most visible, and yellow and red being most 
in degree of durability ; the least durable being those tints which be- 
long to the most refrangible lights. 

1155. And with the brightness of the surrounding space, — The 
duration of the impression also depends on the state of illumination 
of the surrounding space ; thus the impression produced by a luminous 
object when in a dark room is more durable than that which would 
be produced by the same object seen in an illuminated room. This 
may be ascribed to the greater sensitiveness of the retina when in a 
state of repose than when its entire surface is excited by surrounding 
lights. Thus it is found that while the varying duration of the im- 
pression of the illuminated object in a dark room was one-third of a 
second, its duration in a lighted room was only one-sixth of a second. 

1156. Optical toys — thaumatropesy phantascopes, S^c. — Innu- 
merable optical toys and pyrotechnic apparatus owe their effect to this 
continuance of the impression upon the retina when the object has 
changed its position. 

Amusing toys, called thaumatropes, phenakisticopes, phantascopeS| 
&c., are explained upon this principle. A moving object, which as- 
i»umes a succession of different positions in performing any action, is 
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Fig. 371. 



represented in the dnoces- 
sive divisions of the circum- 
ference of a circle, as in^ 
371., in the successive po- 
sitions it lussumes. These 
pictures, by causing the 
disk to revolve, are brought 
in rapid succession berore 
an aperture, through which 
the eye is directed, so that 
the pictures representing 
the successive attitudes are 
brought one after another 
before the eye at intervals; 
the impression of one re- 
maining until the impres- 
sion of the next is produced. 
In this manner the eye 
never ceases to see the figure, but sees it in such a succession of at- 
titudes as it would assume if it revolved. The effect is, that the figure 
actually appears to pirouette before the eye. The effects of cathe- 
rine-wheels and rockets are explained in the same manner. 

1157. The direction in which objects are seen. — The direction in 
which any part of an object is seen is that of the line drawn fi*om 
such point through the optical centre of the eye. This line being 
carried back to the retina determines the place on the retina where 
the image of such point is found. If the optical centre of the eye 
were not at the centre of the eye-ball, the diretion of this line would 
be changed with every movement of the eye-ball in its socket; every 
such movement would cause the optical centre to revolve round the 
centre of the eye-ball, and consequently would cause the line drawn 
from the optical centre to the object to change its direction. The 
effect of this would be that every movement of the eye-ball would 
cause an apparent movement of all visible objects. Now, since there 

- is no apparent motion of this kind, and since the apparent position of 
external objects remains the same, however the eye may be moved in 
its socket, it follows that its optical centre must be at the centre of 
the eye-lwilL 

1158. fVhy the motion of the eye-hall does not produce any appa' 
rent motion in the object seen. — Since lines drawn from the various 
points of a visible object through the centre of the eye remain un- 
changed, however the eye-ball may move in its socket, and since the 
corresponding points of the image placed upon these lines must also 
remain unchanged, it follows that the position of the ^mage formed ou 
the eye remains fixed, even though the eye-ball revolve in the socket 
It appears, therefore, that when the eye-ball is moved in the sockeU 
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the picture of an external object reinaiiui fixed, while the retina 
moves under it just as the picture thrown by a magic lantern on 
a screen would remain fixed, however the screen itself might be 
moved. 

Thus, if we direct the axis of the eye to the centre Ojfig. 372., of 

any object, such as A B, the 

image of the point o will be 

formed at o on the retina, where 

the optical axis DC meets it. 

The axis of the pencil of rays 

which proceed from the point o 

will pass through the centre of 

^^' ^^^- the cornea d, through the axis 

of the crystalline, and through the centre o of the eye-ball, and the 

image of o will be formed at o. 

Jnow, if we suppose the eye to be turned a little to the left, so that 
the optical axis will be indiined to the line o o at the angle d' c o, the 
image of the point o will still hold the same absolute position o as 
before ; but the point of the retina on which it was previously formed 
will be removed to o'. The direction of the point o will be the same 
as before ; but the point of the retina on which its image will be 
formed will be, not at o, at the extremity of the optic axis, but at o', 
at a distance o o' from it, which subtends at the centre c of the eye 
an angle equal to that through which the optical axis has been 
turned. 

It is evident, therefore, that although the eye in this case be moved 
round its centre, the point o is still seen in the same direction as be- 
fore. 

But if the optical centre of the eye were different fit)m the centre 
of the eye-ball, the direction in which the point o would be seen would 
be changed by a change of position of the eye. 
To render this more clear, let o^Jig. 873., be the centre of the eye* 

ball, and c' the optical centre 
of the eye. Let the optical 
axis c D, as before, be first pre- 
sented to the point o of the ob- 
ject. The image of this point 
will, as before, be formed at o. 
Fig. 373. ^jjg point where the optical axis 

D meets the retina. Let us now suppose the axis of the eye to be 
turned aside through the angle D c B', the optical centre will then be 
removed from d to (/', and the image of o will now be formed at the 
point o", where the line O d' meets the retina. The direction, there- 
fore, in which o will now be seen, will be that of the line d' o, whereas 
the direction in which it was before seen was that of the line 00. 
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The point of the retina at which the image o was originally formed 
is removed to o', while the image is removed to o'\ Thus there is a 
displacement not only of the retina behind the image, but also an ab- 
solute displacement of the image, and an absolute change in the appa- 
rent direction of the object. Since no such change in the apparent 
direction is consequent upon the movement of the eye in its socket, 
it follows that the opticid centre (f of the eye must coincide with its 
geometrical centre o. 

1159. Ocular spectra and accidental colours. — The continuance, 
of the effect produced by the image of a visible object on the retina 
after such object has been removed from before the eye, combined 
with the effect of the image of another object placed before the eye, 
during such continuance of the effect of that which was removed, 
produces a class of phenomena called ocular spectra and accidental 
colours. 

The effect produced by a strongly illuminated image formed on the 
retina does not appear to be merely the continuance of the same per- 
ception after the image is removed, but also a certain diminution or 
deadening of the sensibility of the membrane to other impressions. 
If the organ were merely affected by the continuance of the percep- 
tion of the object for a certain time after its removal, the effect of the 
immediate perception of another object on the retina would be the 
perception of the mixture of two colours. Thus> if the eye, after 
contemplating a bright yellow object, were suddenly directed to a 
similar object of a light red colour, the effect ought to be the percep- 
tion of an orange colour; and this perception would continue until 
the effect of the yellow object on the retina would cease, after which 
the red object alone would be perceived. 

Thus, for example, a disk of white paper being placed upon .a black 
ground, and over it a red wafer which will exactly cover it being laid, 
if, closing one eye, and gazing intently with the other for a few 
seconds on the red wafer, the red wafer be suddenly removed so as 
to expose the white surface under it to the eye, the effect ought to be 
the combination of the perception of red which continues after the 
removal of the red wafer, with the perception of white which the un- 
covered surface produces ; and we should consequently expect to see a 
diluted red disk, similar to that which would be produced by the mix- 
ture of red with white. 

This, however, is not the case. If the experiment be performed a 
here described, the eye will, on the removal of the red wafer, per 
ceive, not a reddish, but a greenish-blue disk. 

In like manner, if the wafer, instead of being red, were of a bright 
greenjsh-blue, when removed the impression on the eye would be that 
of a reddish disk. 

These and like phenomena are explained as follows : — 
When the eye is directed with an intensity of gaze for some time 
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at the red surface, that part of the retina upon which the image of 
the red wafer is produced becomes fatigued with the action of the red 
light, and loses to some extent its sensibility to that light, exactly as 
the ear is deafened for a moment by an overpowering sound. When 
the red wafer is removed, the white disk beneath it transmits to the 
eye the white light, which is composed of all the colours of the spec- 
trum. But the eye, from the previous action of the red light, is 
comparatively insensible to those tints which form the red end of the 
spectrum, such as red and orange, but comparatively sensitive to the 
blues and greens, which occupy the other end. It is therefore that 
the eye perceives the white disk as if it were a greenish-blue, and 
continues to perceive it until the retina recovers its sensibility for red 
light. 

1160. Experiments of Sir D, Breioster on ocular spectra, — The 
experiment above described may be varied by using wafers of various 
colours ; and it will in each case be found that on the removal of the 
wafer the accidental colour or ocular spectrum produced will be that 
which is given in the second column of the following table, supplied 
by the observations of Sir David Brewster : — 



Ck>loxir of the Wafer. 


Aoddental Colour, or Colour of the Ocular 
Spectra. 


Red 


Bluish-green. 
Blue. 
Indigo. 

Violet, reddish. 
Orange red. 
Orange yellow. 
Yellow green. 
White. 
Black. 


Orange 


Yellow 


Green 


Blue 

Indigo 


Violet 


Black 


White , 





It follows, therefore, from the results in the above table, that the 
primitive and accidental colours are .so related to each other, that if 
the former be reduced to the same degree of intensity as the latter, 
one will be the complementary colour of the other, or, which is the 
same, they will be so related that if mingled together they will pro- 
duce white light. 

The experiment may be varied in the following manner : — 
If a small particle of red fire be burned in a dark room, so as to 
illuminate all the surrounding objects with an intense red light, and 
it be suddenly extinguished, the eye will for a time see a green 
flame; and this green flame will be visible whether the eye be open 
or closed. 
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If, OB the other hand, a green fire be bnmed; it will be enioeeeded 
by the perception of a reddish light. 

If the eye be directed intently upon the disk of the sun at rising 
or setting, when it is red^ on closing the eyelids a green solar disk 
will be perceived. 

1161. fVhy visible objects do not appear inverted, — A difficulty 
has been presented in the explanation of the functions of the eye to 
which, as it appears to me, undue weight has been given. It has 
been already explained, that the images of external objects which are 
depicted on the retina are inverted ; and it has accordingly been asked 
why visible objects do not appear upside down. The answer to this 
appears to be extremely simple. Inversion is a relative terra, which 
it is impossible to explain or even to conceive without reference to 
something which is not inverted. If we say that any object is inverted, 
the phrase ceases to have meaning unless some other object or objects 
are implied which are erect. If all objects whatever hold the same 
relative position, none can be properly said to be inverted ; as the 
world turns upon its axis once in twenty-four hours, it is certain that 
the positions which sill objects hold at any moment is inverted with 
respect to that which they held twelve hours before, and to that which 
they will hold twelve hours later; but the objects as they are con- 
tem plated are always erect. In fine, since all the images produced 
upon the retina hold with relation to each other the same position, 
none are inverted with respect to others ; and as such images alone 
can be the objects of vision, no one object of vision can be inverted 
with respect to any other object of vision; and consequently, aU 
being seen in the same position, that position is called the erect 
position. 

1162. The seat of vision, — ^Physiologists are not agreed as to the 
manner in which the perception of a visible object is obtained from 
the image formed in the interior of the eye. It is certain, however, 
that this image is the cause of vision, or that the means whereby it is 
produced are also instrumental in producing the perception of sight. 
It may also be considered as established that the perception of a 
visible object is more or less distinct, according to the greater or less 
distinctness of the im^e. But it would be a great error to assume 
that this image on the retina is itself seen, for that would involve the 
supposition of a second eye, beyond the first, or within it, by which 
such image on the retina would be viewed. Now, no means of com- 
municating between the image on the retina and the sensorium exist 
except the usual conduits of all sensation, the nerves. 

It has been already explained that the optic nerve, after entering 
the eye at a point near the nose, spreads itself over the interior of the 
globe of the eye behind the vitreous humour, and that this retina or 
network is peifectly transparent, the coloured image being formed not 
proporly upon it, but upon the black surface of the choroid coat 
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behind it. Now, it has been maintained, that the functions of vision 
are performed by this nervous membrane in a manner analogous to 
that by which the sense of touch is affected by external objects. The 
membrane of the retina, it is supposed, touching the coloured image, 
and being in the highest degree sensitive to it, just as the hand is 
sensitive to an object which it touches, receives from the coloured 
image an action which, being continued to the brain, produces per- 
ception there in accordance with the form and colour of the image 
upon the choroid. According to this view of the functions of vision, 
the TeiiuAfeehf as it were, the image on the choroid, and transmits 
to the sensorium the impression of its colour and figure in the same 
manner as the hand of a blind person would transmit to the senso- 
rium the form of an object which it touches. 

1163. Light and colour acting directly on the retina produce 
no sensation. — If this hypothesis be admitted, it would follow that 
the retina itself would be incapable of exciting the sense of sight by 
the mere action of light and colours upon it. This is verified by the 
fact that when the image produced within the eye is formed upon a 
point of the optic nerve which has not the choroid behind it, no 
perception is produced. 

In order to prove this, let three wafers be applied in a horizontal 
line upon a vertical screen, each separated from the other by a dis- 
tance of two feet. Let the screen be placed before the observer at a 
distance of about 15 feet, the wafers being on a level with the eye ; 
and let the centre wafer be so placed that a line drawn from the right 
eye to it shall be perpendicular to the screen. Let the left eye be 
now closed, and let the right eye be directed to the extreme wafer on 
the left, but so that all three wafers may still be perceived. Let an- 
other person now slowly move the screen, so as to bring it nearer to 
the observer, maintaining, however, the middle wafer in the direction 
of the eye at 0. It will be found diat the screen being so moved to a 
distance of 10 feet from the eye, the middle wafer will appear to be 
suddenly extinguished, and the extreme wafers on the right and left 
will be seen. 

1164. The optic nerve is insensible where it does not cover the 
choroid, — This remarkable phenomenon is explained by showing 
that in this particular position of the eye and the screen, the image of 
the middle wafer falls upon the base of the optic nerve where the 
choroid coat is not under it. 

This will be rendered more intelligible by reference to Jig, 374., 
where B is the middle wafer, A the left-hand, and c the right-hand 
wafer. The image of A is formed at a, to the right of the optic 
nerve } and the image of o is formed at c, to the left of that nerve. 
In both these positions the choroid coat is behind the retina. But 
the image of B is formed at b, directly upon the point where the optic 
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nerve issues from the eye-ball, and where the choroid does not extend 
behind it 

A. B c? 1165. Experiment of Sir D. 

Brewster to confirm thU. — Sir 
David Brewster gives the fol- 
lowing experiment as a further 
argument in support of this hy- 
pothesis. In the eye of the 
Sepia loligOf or cuttle-fish, an 
opaque membranous pigment is 
interposed between the retina 
and the vitreous humour, so 
that if the retina were essential 
to vision, the impression of the 
image on this black membrane 
must be conveyed to it by the 
vibration of this membrane in 
front of it. Sir David Brewster 
also mentions that in young 
^1 ** persons the choroid coat, instead 

Fig. 374. of being covered with a black 

pigment, reflects a brilliant crimson, like that of dogs and some other 
animals; and imagines that if the retina were affected by the rays 
which paJte through it, this crimson light ought to excite a corre- 
sponding sensation, which is not the case. 

1166. fVh^ objects are not seen double. — The question why, hav- 
ing two eyes on which independent impressions are made by external 
objects, and on the retina of each of which an independent picture of 
a visible object is formed, we do not see two distinct objects correspond- 
ing to each individual external object which impresses the organ, is 
often asked. 

The first reflection which arises on the proposition of this question, 
is why the same question has not been similarly proposed with refer- 
ence to the sense of hearing. Why has it not been asked why we do 
not hear double ? why each individual sound produced by a bell or a 
string is not heard as two distinct sounds, since it must impress inde- 
'pendently and separately the two organs of hearing? 

It cannot be denied, that, whatever reason there be for demanding 
a solution of the question, why we do not see double ? is equally 
applicable to the solution of the analogous question, why we do not 
hear double ? Like many disputed quest^ns, this will be stripped 
of much of its difficulty and obscurity by a strict attention to the 
meaning of the terms used in the question, and in the discussion conse- 
quent upon it. If by seeing double it be meant that the two eyes re- 
ceive separate and independent impressions from each external object, 
then it is true that we see double. But if it be meant that the mind 
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receives two distinct and independent impressions of the same exter* 
iial object, then a qualified answer only can be given. 

If the two eyes convey to the mind precisely the same impression 
of the same external object, differing in no respect whatever, then 
they will produce in the mind precisely the same perception of the 
object ; and as it is impossible to imagine two perceptions to exist in 
the mind of the same external object which are precisely the same in 
all respects, it would involve a contradiction in terms to suppose that, 
in such case, we perceive the object double. 

If to perceive the object double mean anything, it means that the 
mind has two perceptions of the same object, distinct and different 
from each other in some respect. Now, if this distinctness or dif- 
ference exist in the mind, a corresponding distinctness and difference 
must exist in the impression produced of the external object on the 
organs. It will presently appear, that cases do occur in which the 
organs are, in fact, differently impressed by the same external object ; 
and it will also appear, that in such cases precisely we do see double, 
meaning by these terms, that we have two perceptions of the same 
object, as distinct from e^h other as are our perceptions of two dif- 
ferent objects. 

To render this point more clear, let us consider in what respects it 
is possible for the impressions made upon the two eyes by the same 
object to differ from each other. 

A visible object impresses the eye with a sense of a certain appa- 
rent form, of a certain apparent magnitude, of certain colours, of a 
certain intensity of illumination, and of a certain visible direction. 
Now, if the impression produced by the same object upon the two 
eyes agree in all these respects, it is impossible to imagine that the 
mind can receive two distinct perceptions of the object, for it is not 
possible that the two perceptions could differ from each other in any 
respect, except in some of those just mentioned. Let us suppose the 
two eyes to look at the moon, and that such object impresses them 
with an image of precisely the same apparent form and magnitude, 
of precisely the same colours and lineaments, of precisely the same 
intensity of illumination, and, in fine, in precisely the same direction. 
Now, the impressions conveyed to the mind by each of the eyes cor- ^ 
responding in all these respects, the object must be perceived in virtue 
of both impressions precisely in the same manner, that is to say, it 
must be seen in precisely the same direction, of precisely the same 
magnitude, of precisely the same form, with precisely the same linea- 
ments of light and shade^nd with precisely the same brightness or 
intensity of illumination. It is therefore, in such a case, clearly im- 
possible to have a double perception of the object. 

It will be observed, that the same reasoning exactly will be appli- 
cable to the sense of hearing. If the same string or the same pipe 
affect the membrane of each ear-drum in precisely the same manner. 
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80 as to produce a perception of a sound of the same pitch, the same 
loudness, and the same quality, it is impossible to conceive that two 
different perceptions can be produced by the two ears, for there is no 
respect in which it is possible for two such perceptions to differ, inas- 
much as by the very supposition they agree in all the qualities which 
belong to sound. 

But, if we would conceive by any organic derangement that the 
same musical string would produce in one ear the note ti/, and pro- 
duce in the other ear the note soly then the same effect would be pro- 
duced as if these two sounds had been simultaneously heard by the two 
ears properly organized, and we should have a sense of harmony of 
the Jifth. 

In like manner, if the two eyes, by any defect of organization, pro- 
duced different pictures on the retina, we should then have two per- 
ceptions of the same object having a corresponding difference 

It has been already shown, that the apparent visual magnitude of 
an object, and also that its apparent brilliancy, depend on its distance 
from the eye. 

Now, assuming, as we shall do, unless the contrary be expressed, 
that the two eyes are similarly constituted, it will follow, that an object 
whose distance from the two eyes is equal will be seen under the same 
visual angle, and will therefore have the same apparent magnitude ; 
it will also have the same colour and intensity of illumination, and, 
in fine, if the distance between the eyes bear an insignificant propor- 
tion to the distance of the object from them, the lines drawn from the 
centre of the eyes to any point on the object will be practically paral- 
lel ; and since these lines, as has been already explained, determine 
the direction in which the object is seen, such object will then be seen 
in the same direction. Now, since the apparent form, the apparent 
magnitude, the apparent colour, the apparent intensity of illumina- 
tion, and, in fine, the apparent direction are the same for both eyes, 
it is clear that the same impression must be produced upon the senses, 
and the same perceptions conveyed to the mind ; consequently it fol- 
lows, demonstratively, that all objects which are placed at a distance 
compared with which the distance between the eyes is insignificant, 
will convey a single perception to the mind^ and will consequently not 
be seen double. 

1167. Exceptional cases in which objects are seen double, — But 
we have now to consider a different case, which will present peculiar 
conditions, and consequences of peculiar interest. 

Let us suppose an object placed so near tjie eyes that its distance 
shall not bear a considerable proportion to the length of the line which 
separates the centres of the eyes. In this case, the images produced 
on the retina of the two eyes may differ in magnitude, and intensity 
of illumination, and even in form, and, in fine, it is clear that the 
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Apparent direotioii of any point on the object as seen by ihe two eyes 
will be sensibly different. ^ 

In this case, therefore, the two eyes convey to the mind a different 
impression of the same object; and we may therefore expect that we 
should see it double, and in fact we do so. 

But the observation of this particular phenomenon requires much 
attention, inasmuch as the perception of which we are conscious i 
affected not merely by the impression made upon the organ of seuso 
but by the degree of attention which the mind gives to it. Thus, if 
the two eyes be differently impressed either by the same or by diffei^ 
ent objects placed before them, the mind may give its attention so 
exclusively to either impression, as to lose all consciousness of the 
other. 

Thus, if two stars be at the same time in the field of view of a 
telescope, as frequently happens, and be viewed together by the eye, 
we shall be conscious of a perception of both, so long as the attention 
is not exclusively directed to either ; but if we gaze intently on one 
of them so as to observe its colour, or any other peculiarity attending 
it, we shall cease to be conscious of the presence of the other. The 
application of this observation to the question before us will be pre- 
sently apparent. 

Let Rjjffig, 875., be the line separating the centres of the two 
eyes, r representing the centre of the right, and L that of 
the left eye. 

Let o be an object, such as the flame of a candle or lamp, 
seen at the distance of about 40 feet, so that the lines of 
direction L o and R o converging upon it from the centres 
of the eyes may be regarded as practically parallel, the dis- 
tance being about 200 times greater than the distance L R 
from the eyes. The object o will therefore be seen in the 
same direction by both eyes, and being at a distance from 
the two eyes practically equal, will have the same apparent 
magnitude, form, colour, and intensity of illumination^ and^ 
consequently, will be seen single. 

Let a small white rod be held at the distance A, of about 

8 inches from the left eye L, and in the line L o, so as to 

intercept the view of the object o from the left eye. The 

left eye will then see the rod at A, and not the object o ; 

p. g^J*' but the right eye will still see the object o, as before. Now, 

if the attention be earnestly directed to the object o, the 

object A will not be perceived ; but if the attention be directed to the 

object A, it will be perceived distinctly, but the object o will be seen 

through it as if it were transparent. 

Now, since the object o cannot be seen by the left eye under the 
circumstances here supposed, the perception we have of it must be 
derived from the right eye ; nevertheless it is seen in the line L A o, 
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immediately beyond the interoepting wand, and in the same direction, 
and in the eame manner precisely as it would be seen by the left eye 
L if the intercepting wand were removed. It follows, therefore, that 
the perception we obtain of the object o by the right eye is precisely 
the same as that which we should obtain by the left eye if the right 
were closed, and the intercepting wand A removed. This may there- 
fore be taken as an experimental proof of what, indeed, may seem 
sufficiently evident, d priori, that an object, such as o, placed at a dis- 
tance so great that lines drawn to it from the centre of the eyes would 
be practically parallel, produces precisely the same perception through 
the vision of both eyes. 

But when the distance of an object ^m the eyes is so small that 
the line which separates the eyes bears a considerable proportion to 
it, the directions in which such an object is seen by the two eyes are 
different, and it is easy to show that in this case such an object would 
be seen double. 

Let L and TL^fig. 376., as before, be the centres of the two eyes, and 

^ n_ let A B be a white screen placed ver- 

iiid\s&^ le^io' ' tically at a distance of 12 or 14 feet, 
having upon it a horizontal line on 
a level with the eye, upon which is 
marked a divided scale, 1, 2, 3, 4, 
5, 6, 7, 8, 9, 10. Let a black wand 
be held vertically at o, opposite the 
middle of the line L R. This wand 
will be seen by the left eye in the 
direction of the division 8, and by 
the right eye in the direction of the 
division 4, on the screen, and two 
images of the wand will accordingly 
be perceived; but, according as the 
attention is directed to the one or 
_ to the other, a consciousness of them 

^ ^ will be produced. Thus, by an act 

Fig. 376. of the will we may contemplate only 

the objects as seen with the left eye, 
itt which case the wand will be seen projected on the screen perpen- 
dicular to the line A B, at the 8th division ; and by a like act of the 
will, the attention being directed to the impression produced by the 
right eye, the wand will be seen projected on the screen at the 4th 
division of the scale. If the attention be withdrawn from either of 
these, and the wand be viewed indifferently, we shall be conscious of 
the two images, but not with the same distinctness as that with which 
we should perceive two wands placed at the 4th and 8th divisions of 
the scale. It will follow from this, that when we look with both eyes 
Mi any object, such as the printed page of a book, at the distance of 
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8 or 10 inches from the eyes, we have two images of the different 
parts of the page placed before the eyes, which are seen in different 
directions, and ought therefore to produce double vision ; but this is 
prevented by habitually directing our attention to one of the two, and 
neglecting the other. 

That the perception of an object will be double if the directions in 
which it is seen by the two eyes are different, may also be demon- 
strated in the following manner : — 

It has been already shown that the optical centres of the eyes can- 
not change their position by the mere action of the muscles which 
move the eye-balls in their sockets, and that the direction in which 
any distant object is seen by both eyes is the same, and hence it is 
perceived single ; but if a slight pressure be applied to the eye with 
the finger, the optical centre of the eye may be moved from its posi- 
tion, so that the direction of the same object seen by it and by the 
other eye will not be the same. A distant object will in this case be 
seen double, being perceived in one direction by the eye which retains 
its natural position, and in another by that whose position is deranged 
by pressure. 

1168. The eye supplies no direct perception of magnitttde, figurcj 
or distance, — It has been already explained that two similar ol^ects 
whose distances from the eye are to each other in the same proportion 
as their linear dimensions will have the same apparent magnitude. 

In like manner, if an object, such as, for example, a balloon, moves 
from the eye in a direct line, we have no distinct consciousness of its 
motion, for the line of direction in which it is seen is still the same. 
It is true that we may infer its motion through the air by the increase 
or diminution of its apparent magnitude ; for, if we have reason to 
know that its real magnitude remains unchanged, we ascribe almost 
intuitively the change of its apparent magnitude to the change of its 
distance; and we consequently infer that it is in motion either towards 
or from us, according as we perceive its apparent magnitude to be in- 
creased or diminished. This information, however, as to the motion 
of a body in a direct line to or from the centre of the eye, is not a 
perception obtained directly from vision, but an inference of the reason 
deduced from certain phenomena. It may therefore be stated gene- 
rally, that the eye affords no perception of direct distance, and conse- 
quently none of direct motion, the term direct being understood here 
to express a motion in a straight line to or from the optical centre of 
the eye. 

1169. Manner of estimating the real distance, — The distance of 
a visible object is oft«n estimated by comparing it with the apparent 
magnitude and apparent distance of known objects which intervene 
between it and the eye. 

Thus, the steeple of a church whose real height is unknown cannot 
by mere vision be estimated either as to distance or magnitude, sinoe 
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Gie apparent heiglit would be the same, provided its magnitude were 
greater or less in proportion to its supposed distance. But, if between 
the steeple and the eye there intervene buildings, trees, or other 
objects, whose average magnitudes may be estimated, a proximate 
estimate of the magnitude and distance of the steeple may be 
obtained. 

For example, if the height of the most distant building between 
the eye and the steeple be known, the distance of that building may 
be estimated by its apparent magnitude, and the distance of the 
steeple will be inferred to be greater than this. 

1170. Appearance of the sun and moon when rising or setting. — 
A remarkably deceptive impression, depending on this principle, is 
deserving of mention here. When the disk of the sun or moon at 
rising or setting nearly touches the horizon, it appears of enormous 
magnitude compared with its apparent size when high in the firma- 
ment. Now, if the visual angle which it subtends be actually mea- 
sured in this case, it will be found to be of the same magnitude. 
How, then, it may be asked, does it happen that the apparent mag- 
nitude of the sun at setting and at noon are by measure the same, 
when they are by estimation, and by the irresistible evidence of sense, 
BO extremely different ? This is explained, not by an error of the 
sense, for there is none, but by an erroneous application of those 
means of judging or estimating distance which in ordinary cases 
lupply true and just conclusions. 

When the disk of the sun is near the horizon, a number of inter- 
vening objects of known magnitude and known relative distances 
supply the means of spacing and measuring a part at least of the 
distance between the eye and the sun ; but when the sun is in the 
meridian, no such objects intervene. The mind, therefore, assigns a 
greater magnitude to the distance, a part of which it has the means 
of measuring, than to the distance no part of which it can measure ; 
and accordingly an impression is produced, that the sun at setting is 
at a much greater real distance than the sun in the meridian ; and 
since its apparent magnitude in both cases is the same, its real mag- 
nitude must be just so much greater as its estimated distance is 
greater. The judgment, therefore, and not the eye, assigns this 
erroneous magnitude to the disk of the sun. 

It is true that we are not conscious of this mental operation. But 
this unconsciousness is explained by the effect of habit, which causes 
innumerable other operations of the reason to pass unobserved. 

1171. Method of estimating by sight the magnitude of distan 
objects. — As the eye forms no immediate perception of distance, 
neither does it of form or of magnitude, since, as has been already 
proved, objects of very different real magnitudes have the same 
apparent magnitude to the eye, of which a striking example is 
afforded in the case of the sun and moon. Nevertheless, although 
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the eye supplies no immediate perception of the real magnitude of 
objects^ babit and experience enable us to form estimates more or less 
exact of these magnitudes bj the comparison of different effects pro- 
duced by sight and touch. 

Thus, for example, if two objects be seen at the same distance from 
the eye, the real magnitude of one of which is known, that of the 
other can be immediately inferred, since, in this case, the apparent 
magnitudes will be proportional to the real magnitudes. Thus, for 
example, if we see the figure of a man standing beside a tree, wr 
form an estimate of the height of the latter, that of the former being 
known or assumed. Ascribing to the individual seen near the tree 
the average height of the human figure, and comparing the apparent 
height of the tree with his apparent height, we form an estimate of 
the height of the tree. 

1172. Singular illusion produced in St, Peter^s at Rome, It is 
by this kind of inference that buildings constructed upon a scale 
greatly exceeding common dimensions are estimated, and rendered 
apparent in pictorial representations of them. 

On entering, for example, the aisle of St. Peter's at Eome, or St. 
Paul's at London, we are not immediately conscious of the vastness 
of the scale of these structures ; but if we happen to see at a distant 
part of the building a human figure, we immediately become conscious 
of the scale of the structure, for the known dimensions of this figure 
supply a modulus which the mind instantly applies to measure the 
dimensions of the whole. For this reason artists, when they repre- 
sent these structures, never fail to introduce human figures in or near 
them. 

1173. Real magnitude may sometimes be inferred from apparent 
magnitude. — It has been explained that the apparent magnitude of 
objects depends conjointly on their real magnitude and their distance. 
Although, therefore, the eye does not afford any direct perception 
either of real magnitude or distance, we are by habit enabled to infer 
one of these from the other. 

Thus, if we happen to know the real magnitude of a visible object, 
we form an estimate of its distance from its apparent magnitude; 
and, on the other hand, if we happen to know or can ascertain the 
distance of an object, we immediately form some estimate of its real 
magnitude. 

Thus, for example, the height of a human figure being known, if 
we observe its apparent visual magnitude to be extremely small, we 
know that it must be at a distance proportionally great. If we know 
that at 20 feet the figure of a man will have a certain apparent height, 
and that we find that his figure seen at a certain distance appears to 
have only one-fifth of this height, we infer that his distance must be 
about 100 feet. 

In like manner, the real magnitude may be inferred from the appsr 
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rent magnitade, proTided the distance be known or can be ascertained. 
Thus, for example, in entering Switzerland by its northern frontier, 
we see in the distance, bounding the horizon, the line of the snowy 
Alps, and the first impression is that of disappointment, their appa- 
rent scale being greatly less than we expected ; but when we are in- 
formed that their distance is sixty or eighty miles, our estimate is in- 
stantly corrected, and we become conscious that the real height of 
mountains which, seen at so great a distance, is what we observe it, >" 
must be proportionally vast. ''Y 

1174. The eye not perceiving direct distance can have no percep' -^ 
Hon of any motion btU angular motion of which it is the centre, — 
When an object moves in any direction which is not in a straight line 
drawn to or from the centre of the eye, the direction in which it is 
seen continually changes, and the eye in this case supplies an imme- 
diate perception of its motion; but this perception can be easily 
shown to be one not entirely corresponding to the actual motion of 
the object, but merely to the continual change of direction which this 
motion produces in the line drawn from the object to the eye. 

Thus, for example, if the eye be at e, J?g. 377., any object which 

moves from A to B will 
cause the line of direction 
in which it is seen to re- 
volve through the angle 
. AEB, just as though the 
body which moves were to 
Fig. 377. describe a circular arc, of 

which E is the centre and 
E A the radius. But if, instead of moving from A to B, the body 
were to move from a' to b', the impression which its motion would 
produce upon the sight would be exactly the same. It would still 
appear to be moving from the direction E a' A to the direction ebb'. 
In fine, the eye affording no perception of direct distance, supplies 
no evidence of the extent to which the body may change its distance 
from the eye during its motion, and the apparent motion will be the 
same as if the body in motion described a circle of which the eye is 
the centre. 

Hence it is that the only motion of which the eye forms any imme- 
diate apprehension is angular motion, that is, a motion which is mea- 
sured by the angle which a line describes, one extremity of which is 
at the centre of the eye, and the other at the moving object. 

1175. Real direction of motion may be inferred by comparing 
apparent motion with apparent magnitude. — Though the real direc- 
tion in which a distant object moves cannot be obtained by the direct 
perception of vision, some estimate of it may be formed by com- 
paring the apparent angular motion of the object with its apparent 
magnitude. 
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Thus, for example, if we observe that the apparent magnitade of 
au object remaiDS coDstantlj the same while it has a certain apparent 
angular motion, we infer that its distance must necessarily remain the 
same, and consequently that it revolves in a circle, in the centre of 
which the observer is placed ; or if we find that it has an angular 
motion, in virtue of which it changes its direction successively around 
us, so as to make a complete circuit of 860^, and that in making this 
> circuit its apparent magnitude first diminishes to a certain limit, and 
then augments until it attains a certain major limit from which it again 
diminishes, we infer that such a body revolves round us at a vary- 
ing distance, its distance being greatest when the apparent magnitude 
is least, and least when its apparent magnitude is greatest. An exact 
observation of the variation of the apparent magnitude would in such 
a case supply a corresponding estimate of the variation of the real dis- 
tance, and would thus form the means of ascertaining the path in 
which the body moves. 

1176. Examples of the sun and moon. — An example of this is 
presented in the cases of the sun and moon, whose apparent magni- 
tudes are subject, during their revolution round the earth, to a slight 
variation, being a minimum at one point and a maximum at the ex- 
treme opposite point, the variation being such as to show that their 
motions are made in an ellipse in the focus of which the earth is 
placed. 

1177. Hmc the apparent motion of an object is affected by the 
motion of the observer, — As the eye perceives the motion of an ob- 
ject only by the change in the direction of the line joining the object 
with the eye, and as this change of direction may be produced as well 
by the motion of the observer as by that of the object, we find accord« 
ingly that apparent motions are produced sometimes in this manner. 
Thus, if a person be placed in the cabin of a boat which is moved 
upon a river or canal with a motion of which the observer is not con- 
scious, the banks and all objects upon them appear to him to move in 
a contrary direction. In this case the line drawn from the object to 
the eye is not moved at the end connected with the object, which it 
would be if the object itself were in motion, but at the end connected 
with the eye. The change of its direction, however, is the same as 
if the end connected with the object had a motion in a contrary direc- 
tion, the end connected with the eye being at rest; consequently, the 
apparent motion of the objects seen which are really at rest, is in a 
direction contrary to the real motion of the observer. 

1178. Example of railway trains. — In some cases the apparent mo- 
tion of an object is produced by a combination of a real motion in the ob- 
ject and a real motion in the observer. Thus, if a person transported in 
a railway carriage meet a train coming in the opposite direction, both ex- 
tremes of the line joining his eye with the train which passes him are in 
motion in contrary directions; that extremity which is at his eye is moved 
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by the motion of the train which carries him, and the other extremity is 
moved by the motion of the train which passes him. The change of 
direction of the line is accordingly produced by the sum of these mo- 
tions ; and as this change of direction is imputed by the sense to the 
train which passes, this train appears to move with the sum of the velo- 
cities of the two trains. Thus, if one train be moved at twenty miles an 
hour, while the other is moved at twenty-five miles an hour, the appa- 
rent motion of the passing train will be the same as would be the motion ' 
of a train moved at forty-five miles an hour passing a train at rest. 

1179. Compounded effects of the motion of the observer and of the 
object observed. — If the line joining a visible object with the eye be 
moved at both its extremities in the same direction, which would be 
the case if the observer and the object were carried in parallel lines, 
then the change of direction which the line of motion would undergo 
would arise from the difierence of the velocities of the observer and 
of the object seen. 

If the observer in this case moved slower than the object, the ex- 
tremity of the line of motion connected with the object would be car- 
ried forward faster than the extremity connected with the observer, 
and the object would appear to move in the direction of the observer's 
motion, with a velocity equal to the diffisrence ; but if, on the con- 
trary, the velocity of the observer were greater than that of the object, 
the extremity of the line connected with the observer would be carried 
forward faster than that connected with the object, and the change of 
direction would be the same as if the object were moved in a contrary 
direction with the difference of the velocities. 

It is easy to perceive that a vajst variety of complicated relations 
which may exist between the directions and motions of the observer 
and of the object observed, will give rise to very complicated pheno- 
mena of apparent motion. Thus, relations may be imagined between 
the motion of the observer and that of the object perceived, by which, 
though both are in motion, the object will appear stationary; the mo- 
tion of the one affecting the line of direction in an equal and con- 
trary manner to that with which it is affected by the other; and, in 
the same manner, either motion may prevail over the other more or 
less, so as to give the line of direction a motion in accordance with 
or contrary to the real motion of the object. 

1180. Examples of the planetary motions, — All these compli- 
cated phenomena of vision are presented in the problems which arise 
on the deduction of the real motion of the bodies composing the solar 
system from their apparent motions. The observer placed in the 
middle of this system is transported upon the earth in virtue of its 
annual motion round the sun with a prodigious velocity, the direc- 
tion of his motion changing from day to day according to the curva- 
ture of the orbit. The bodies which he observes are also affected 
with various motions at various distances around the sun, the combi- 
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nation of which with the motion of the earth gives rise to complicated 
phenomena, the analysis of which is made upon the principles here 
explained. 

1181. •Angular or visual distances, — It is usual to express the 
relative position in which objects are seen by the relative direction of 
lines drawn to them from the eye ; and the angle contained by any 
two such lines is called the angular or visual distance between the 
objects. Thus, the angular distance between the objects A and 'Ryfig^ 
Zll.^ is expressed by the magnitude of the angle aeb. If this 
angle be 30°, the objects are said to be 30° asunder. It is evident 
from this that all objects which lie in the direction of the same lines 
will be at the same angular distance asunder, however diflferent their 
real distance from each other may be. Thus, the angular distance 
between A and B^Jig, 377., is the same as the angular distance 
between A' and b'. 

1182. Vision affords no direct perception of bulk or form. — How 
such qualities are inferred, — Sight does not afford any immediate per- 
ception either of the volume or shape of an object. The information 
which we derive from the sense, of the bulk or figure of distant 
objects, is obtained by the comparison of different impressions made 
upon the sense of sight by the same object at different times and in 
different positions. A body of the spherical form seen at a distance 
appears to the eye as a flat circular disk, and would never be known 
to have any other form, unless the impression made upon the eye 
were combined with other knowledge, derived from other impressions 
through sight or touch, or both these senses, and thus supplied the 
understanding with data from which the real figure of the object 
could be inferred. The sun appears to the eye as a flat, circular disk ; 
but, by comparing observations made upon it at different times, it is 
ascertained that it revolves round one of its diameters in a certain 
time, presenting itself under aspects infinitely varying to the observer; 
and this fact, combined with its invariable appearance as a circular 
disk, proves it to be a sphere ; for no body except a sphere, viewed 
in every direction, would appear circular. 

Although we do not obtain from the sense of sight a perception of 
the shape of a body, we may obtain a perception of the shape of one 
of its sections. Thus, if a section of the body be made by a plane 
passing through it at right angles to the line of vision, the sight sup- 
plies a distinct perception of the shape of such section. Thus, if an 
egg were presented to the eye with its length in the direction of the 
line of vision, it would appear circular, because a section of it made 
by a plane at right angles to its length is a circle ; but if it were pre- 
sented to the eye with its length at right angles to the line of vision, 
it would appear oval, that being the shape of a section made by a 
plane passing through its length. 

If a body, therefore, presents itself successively to the eye in seve- 
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ral different positions, we obtain a knowledge by the sense of sight of 
so many different sections of it, and the combination of these sections 
may in many cases supply the reason with data by which the exact 
figure of the body may be known. 

1183. Visible area. — As the term "apparent magnitude" is used 
to express the visual ailgle under which an object is seen, we shall 
adopt the term visible^area to express the apparent magnitude of the 
section of a visible object made by a plane at right angles to the line 
of vision, that is to say^ to the line drawn from the eye to the centre 
of the object. 

1184. How the shape is inferred from lights and shades. — ^Besides 
receiving through the sight a perception of the figure of the section 
of the object which forms its visible area, we also obtain a perception 
of the lights and shades and the various tints of colour which mark 
and characterize such area. By comparing the perception derived 
from the sense of touch with those lights and shades, we are enabled 
by experieno^ and long habit to judge of the figure of the object from 
these lights and shades and tmts of colour. It is true that we are 
not conscious of this act of the understanding in inferring shape from 
colour and from light and shade; but the act is nevertheless per- 
formed by the mind. The first experience of inference is the com- 
parison of the impressions of sight with the impressions of touch ; 
and one of the earliest acts of the mind is the inference of the one 
from the other. It is the character of all mental acts, that their fre- 
quent performance produces an unconsciousness of them ; and hence 
it is that when we look at a cube or a sphere of a uniform colour, 
although the impression upon the sense of sight is that of a flat plane 
variously shaded, and having a certain outline, the mind instantly 
substitutes the thing signified for the sign, the cause for the effect ; 
and the conclusion of the judgment, that the object before us is a 
sphere or a cube of uniform colour, and not, as it appears, a flat plane 
variously shaded^ is so instantaneous, that the act of the mind passes 
unobserved. 

The whole art of the painter consists in an intimate practical know- 
ledge of the relation between these two effects of perception of sight 
and touch. The more accurately he is able to delineate upon a flat 
surface those varieties of light and shade which visible objects imme- 
diately produce upon the sense, the more exact will be his delinea- 
tion, and the greater the vraisemblance of his picture. 

What is called relief in painting, is nothing more than the exact 
representation on a flat surface of the varieties of light and shade pro- 
duced by a body of determinate figure upon the eye ; and it is accord- 
ingly found that the flat surface variously shaded, produced by the art 
of the painter, has upon the eye exactly the same effect as the object 
itself, which is in reaHty so different from the coloured canvass which 
represents it. 
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1185. Power of perceiving and distinguishing colours improved 
hy exercise and experience. — The immediate impressions received 
from the sense of sight are those of light and colour. The impressions 
of distance, magnitude, form, and motion, are the mixed results of the 
sense of sight and the experience of touch. Even the power of dis- 
tinguishing colours is not obtained immediately by vision without 
some cultivation of this sense. The unpractised eye of the new-bom 
infant obtains a general perception of light ; and it is certain that the 
power of distinguishing colours is only found after the organ has been 
more or less exercised by the varied impressions produced by different 
lights upon it. It would not be easy to obtain a summary demon* 
stration of this proposition from the experience of infancy, but suffi- 
cient evidence to establish it is supplied by the cases in which sight 
has been suddenly restored to adults blind from their birth. In th«se 
cases, the first impression produced by vision is that the objects seen 
are in immediate contact with the eye. It is not until the hand is 
stretched forth to ascertain the absence of the objects seen from the 
space before the eye that this optical fallacy is dissipated. 

The eye which has recently gained the power of vision at first can- 
not distinguish one colour from another, and it is not until time has 
been given for experience, that either colour or outline is perceived. 

1186. Of certain defects in vision, — Besides that imperfection in- 
cident to the organs of sight arising from the excess or deficiency of 
their refractive powers, there is another class which appear to depend 
upon the quality of the humours through which the light, proceeding 
from visible objects, passes before attaining the retina. It is evident 
that if these humours be not absolutely transparent and colourless, the 
image on the retina, though it may correspond in form and outline 
with the object, will not correspond in colour; for if the humours be 
not colourless, some constituents of the light proceeding from the ob- 
ject will be intercepted before reaching the retina, and the picture on 
the retina will accordingly be deprived of the colours thus intercepted. 
If, for example, the humours of the eye were so constituted as to in- 
tercept all the red and orange rays of white light, white paper, or any 
other white object, such as the sun, for example, would appear of a 
bluish-green colour; and if, on the other hand, the humours were so 
constituted as to intercept the bluea and violets of white light, all 
white objects would appear to have a reddish hue. Such defects in 
the humours of the eye are fortunately rare, but not unprecedented. 

1187. Curious examples of defective eyes. — Sir David Brewster, 
who has curiously examined and collected together cases of this kind^ 
gives the following examples of these defects : — 

A singular affection of the retina in reference to colour is shown in 
the inability of some eyes to distinguish certain colours of the spec- 
trum. The persons who experience this defect have their eyes gene* 
rally in a sound statC; and are capable of performing all the most dr^iicate 
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functions of vision. M. Harris, a shoemaker at AUonby, was unable 
from his infancy to distinguish the cherries of a cherry-tree from its 
leaves, in so far bs colour was concerned. Two of his brothers were 
equally defective in this respect, and always mistook orange for grass- 
green, and light green for yellow. Harris himself could only distin- 
guish black and white. Mr. Scott, who describes his own case in the 
Philosophical Transactions, mistook pink for a pale blue, and a full 
red for a full green. 

AH kinds of yellows and blues, except sky-blue, he could discern 
with great nicety. His father, his maternal uncle, one of his sisters 
and her two sons, had all the same defect. 

A tailor at Plymouth, whose case is described by Mr. Harvey, re- 
garded the solar spectrum as consisting only of yellow and light blue; 
and he could distinguish with certainty only yellow, white, and green. 
He regarded indigo and Prussian blue as black. 

M. R. Tucker described the colours of the spectrum as follows :— 

Bed mistaken for , brown. 

Orange " green. 

Yellow sometimes orange. 

Green ** orange. 

Bine " pink. 

Indigo " , purple. 

Violet " ; purple. 

A gentleman in the prime of life, whose case I had occasion to ex- 
amine, saw only two colours in the spectrum, viz. yellow and blue. 
When the middle of the red space was absorbed by a blue grass, he 
saw the black space with what he called the yellow on each side of it. 
This defect in the perception of colour was experienced by the late 
Mr. Dttgald Stewart, who could not perceive any difference in the 
colour of the scarlet fruit of the Siberian crab, and that of its leaves. 
Dr. Dalton was unable to distinguish blue from pink by daylight; and 
in the solar spectrum the red was scarcely visible, the rest of it ap- 
pearing to consist of two colours. M. Troughton had the same de- 
fect, and was capable of fully appreciating only blue and yellow colours ; 
and when he named colours, the names of blue and yellow corre- 
sponded to the more and less refrangible rays ; all those which belong 
to the former exciting the sensation of blueness, and those which be- 
long to the latter the sensation of yellowness. 

In almost all these cases, the different prismatic colours had the 
power of exciting the sensation of light, and giving a distinct vision 
of objects, excepting in the case of Dr. Dalton, who was said to be 
scarcely able to see the red extremity of the spectrum. 

Dr. Dalton endeavoured to explain this peculiarity of vision, by 
supposing that in his own case the vitreous humour was blue, and 
therefore absorbed a great portion of the red and other least refran^ 
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gible rays ; but this opinion is, we think, not well founded. Sir J. 
fierschel attributes this state of vision to a defect in the sensorium, 
by which it is rendered incapable of appreciating exactly those dif- 
/ ferences between rays on which their colour depends. 
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OPTIOAL INSTRUMENTS. 

1188. Spectacles- — These are the most simple and most useful 
elass of optical instruments. They consist of two glass lenses mounted 
in a frame so as to be conveniently supported before the eyeS; and to 
remedy the defects of vision of naturally imperfect eyes. 

Whatever be the defects of sight which spectacles may be used to 
remove, it is evident that the lenses ought to be so mounted that their 
axes shall be parallel, and that their centres shall coincide with the 
centres of the pupils when the optical axes are directed perpendicular 
to the general plane of the face, that is to say, when the eyes look 
straight forward. 

These conditions, though important, are rarely attended to in the 
choice of spectacles. If spectacles be mounted in extremely light and 
flexible frames, the lenses almost invariably lose their parallelism, 
and their axes not only cease to be parallel, but are frequently in dif- 
ferent planes. Spectacles ought therefore to be constructed with 
mounting sufficiently strong to prevent this derangement of the axes 
of the lenses, and in their original construction care should be taken 
that the axes of the lenses be truly parallel. 

In the adaptation of spectacles it is necessary that the distance be- 
tween the centres of the lenses should be precisely equal to the dis- 
tance between the centres of the pupils. The clearest vision being 
obtained by looking through the centres of the lenses, the eyes have 
a constant tendency to look in that direction. Now, if the distance 
between the centres of the lenses be greater than the distance between 
the centres of the pupils, the eyes having a tendency to look through 
the centres of the lenses, their axes will cease to be parallel, and will 
diverge as in the case of an outsquint. On the other hand, if the 
distance between the centres of the lenses be less than the distance 
between the centres of the pupils, there will, for a like reason, be a 
jcndency to produce an insquint. 

It has been already shown that the pencils most free from aber- 
ration are those whose axes coincide with the axis of the lens, and 
the more the axes of secondary pencils deviate from this^ the greater 
will be the effects of aberration. 
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It follows from this that the most perfect vision with spectacles ih 
produced when the eye looks in the direction of the axis of the lenses, 
and that more or less imperfection attends oblique vision thrqjigh 
them. Persons who use spectacles, therefore, generally turn tie head, 
when those whose sight does not require such aid merely turn thd 
eye. 

1189. Pertscopic spectacles. — To diminish this inconvenience, 
the late Dr. Wollaston suggested the use of meniscuses or concave^ 
convex lenses, instead of double concave or double convex lenses with 
equal radii, which had been invariably used. 

For persons requiring convergent lenses he proposed meniscuses 
with the concave surface next the eye ; and for persons requiring diver- 
gent glasses, he proposed the concavo-convex lens, with the concave 
side next the eye. The effect of this is that the secondary pencils 
have less aberration than in the case of double convex and double 
concave lenses; and, consequently, that there is a greater freedom of 
vision by turning the eye without turning the head, from which pro* 
perty they were named periscopic spectacles. 

1190. Weak sight and short sight. — It has been already explained 
that the optical defects of the eye which are capable of being corrected 
by lenses placed before it, are either a deficiency or an excess of their 
refractive power. Eyes which are deficient in refractive power, and 
which are called weak-sighted eyes, are those which are not capable 
of converging the pencils proceeding from visible objects at the usual 
distances to a focus on the retina. Eyes, on the other hand, which 
have too great refractive power, bring the rays proceeding from visible 
objects to a focus before they come to the retina, and are called short- 
sighted eyesy because objects which are near them are distinctly visible 
without the interposition of lenses. 

1191. Spectacles for weak-sighted eyes. — The convergent power 
of the lenses necessary for weak-sighted eyes will necesswily be de- 
termined by the degree of the deficiency which exists in the refractive 
power of the eye. If the eyes be capable of affording distinct vision'' 
of objects so distant that the rays proceeding from them may be re- 
gard^ as parallel, they will be capable of refracting parallel rays to 
an exact focus on the retina; but if they are so feeble in their re- 
fractive power as to be incapable of converging rays in the slightest 
degree divergent to a focus, they will be incapable of seeing distinctly 
any objects whose distances from the eye are less than from two to 
three feet, because the rays composing the pencils from such objects 
have a divergence which, though slight, the eye is incapable of sur- 
mounting, and the pencils accordingly, after entering the eye, converge 
to a focus not on the retina, but behind it. 

Ilence we find that persons having feebly refracting eyes are obliged 
to remove a printed or written page to a considerable distance from 
the eye to be able to read it. The pencils are thus rendered parallel, 
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and therefore sucli as tbe eye may bring to a focus on the retina, bai 
this increase of distance from the eye is attended with the consequence 
of rendering the light proceeding from the object more feeblC; and 
often too feeble to produce distinct yision. Hence we find that when 
weak-sighted persons hold a book or newspaper which they desire to 
read at a considerable distance from the eye, they are obliged at the 
same time to place a candle or lamp near the page to produce an illu- 
mination of the necessary intensity. 

Since such eyes are, according to the supposition, adapted to the 
refraction of parallel rays, the lenses which they require must be such 
BS to render the pencils proceeding from the objects at which they 
look parallel, and consequently they must be lenses whose focal length 
is equal to the distance of the objects looked at. 

Nothing, therefore, can be more simple than the rule to be followed 
by such persons in the selection of spectacles. They have only to 
use for their spectacles lenses whose focal length is equal to the dis- 
tance of the objects which they desire to see distinctly ; and if they 
have occasion to look at objects at different distances, as, for example, 
at ten and at twenty inches, they ought to be provided with different 
pairs of spectacles for the purpose, one having a focal length of ten 
inches, and the other a focal length of twenty inches. When they 
look at an object at ten inches from the eye with spectacles of ten 
inches focal length, the rays will enter the eye exactly as they would 
if the object were at a distance of several feet from them; and those 
rays, being parallel, will be refracted to a focus on the retina. 

It may be asked, in this case, how it happens that, if it be neces- 
sary for such persons to use spectacles having a focal length equal to 
the distance of the object at which they look, they c<an, nevertheless, 
see with the same spectacles distinctly objects at distances greater or 
less, within certain limits, than the focal distance of the spectacles ? 
The answer is, that this arises from the power with which the eye is 
endued to adapt itself within certain limits to vision at different dis- 
' tances, as has been already explained. 

1192. How to determine the refracting power of weak-sighted 
eyes, — If the weakness of the sight be such that the eye is incapable 
of bringing even parallel rays to a focus on the retina, it will be ne- 
cessary to use convergent lenses even for the most distant objects. 
The power of the lenses which are necessary to render the vision of 
distant objects clear in that case will supply means of calculating the 
natural convergent power of the eye ; for since the convergent power 
of the lens, together with the natural convergent power of the eye, 
bring parallel rays to a focus on the retina, me natural convergent 
power of the eye will be equal to the difference between the conver- 
gent power of the lens and the convergent power of an eye capable of 
bringing parallel rays to a focus on the retina. 

To render this more clear letf be the focal length of a lens which 
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is eqniyalent to the refracting power of an eve which would brinff 
parallel rays to a focus on the retina, lietf' be the focal length ox 
the lens which is sufficient to enable the defective eye to bring parallel 
rays to a focus on the retina ; and lety" be the focal length of a lens 
optically equivalent to the defective eye. We shall then have 

1 

consequently we shall have 
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From this condition the focal length of the eye can be found, since 
its reciprocal is equal to the difference between the reciprocals of the 
focal length of an eye adapted to parallel rays, and the focal length 
of the lens which produces clear vision in the defective eye. 

In the same case, spectacles of different convergent power will be 
neoessary when near objects are viewed ; for in this case the pencils, 
having more divergence, will require a more convergent lens to aid 
the eye in bringing them to a focus on the retina. Such eyes, there- 
fore, will require spectacles of different powers for distant and near 
objects ; and if the power of the eye in adapting itself to different dis- 
tances be not great, it may even be advisable to provide different 
spectacles for near objects which differ in their distance, as already 
explained in the case of eyes adapted to the refraction of parallel 
rays. 

1193. Spectacles for near-sighted eyes. — To determine the focal 
length of the lens which will enable near-sighted eyes to see distinctly 
distant objects, it is only necessary to ascertain the distance at which, 
without an effort, the same eyes can see objects distinctly. This dis- 
tance determines the degree of divergence of the pencils which the 
eyes bring to a focus on the retina. If diverging lenses be applied 
before the eyes whose focal length is equal to this distance, such lenses 
will give to parallel rays proceeding from distant objects the same de- 
gree of divergence as pencils would naturally have proceeiding from 
objects whose distance is equal to their focal length ; consequently, 
according to the supposition, the eye will bring such rays to a focus 
on the retina. The lenses, therefore, which fulfil this condition, will 
render the vision of distant objects with such eyes as distinct as would 
be the vision of objects placed at a distance from the eyes equal to 
the focal length of the lenses. 

If the excess of the refractive power of short-sighted eyes be so 

great, and the power of adaptation to varying distances so small, that 

the same divergent lenses which render distant objects distinct will 

not render objects which are near the eyes, but not near enough for 
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difltinot vinon without spectacles, distinct, then lenses of less diver- 
gent power must be used to produce a distinct vision of such objects. 
Thus, for example, suppose the case of eyes so near-sighted as to 
see distinctly objects only when they are at five inches distance. To 
enable these eyes to see an object at ten inches distance distinctly, it 
will be necessary to use divergent lenses ; but these lenses must have 
less diverging power than those which render the vision of distant 
objects distinct, because the same lenses which would give the neces- 
sary divergence to the parallel rays which proceed from distant objects 
would give too great a divergence to the pencils which proceed from 
an object at ten inches distance. 

1194. Case in which the eyes of the same person have different 
refracting powers. — In the selection and adaptation of spectacles, it 
is invariably assumed without question, that the two eyes in the same 
individual have exactly the same refracting power. That this is the 
case is evident, from the fact that the lenses provided in the same 
spectacles have invariably the same focal length. 

Now, although it is generally true that the two eyes in the same 
individual have the same refractive power, it is not invariably so ; and 
if it be not, it is evident that lenses of equal focal length cannot be 
at once adapted to both eyes. 

When the difference of the refractive power of the two eyes is not 
great (which is generally the case when a difference exists at all), 
this inequality is not perceived. By an instinctive act of the mind 
of which we are unsconscious, the perception obtained by the more 
perfect of the two eyes in case of inequality is that to which our at- 
tention is directed, the impression on the more defective eye not being 
perceived. 

It might be expected, however, that the inequality would become 
apparent, by looking alternately at the same object with each of the 
eyes, closing the other; but it is so difficult to compare the powers of 
vision of the two eyes when they are not very unequal by objects con- 
templated at different times, even though they should be exhibited in 
immediate succession, that this method fails. 

1195. Apparatus for comparing the power of vision of the two 
eyes, — My attention having been recently directed to this question, 
I have contrived an apparatus which may not inaptly be called an 
Opthalmometer, by which the least difference in the powers of the two 
eyes may be rendered immediately apparent. 

The principle I have adopted for this purpose resembles that which 
has been otherwise applied with success in photometers. I have so 
arranged the apparatus, that two similar objects similarly illuminated 
shall be at the same time visible in immediate juxtaposition, the one 
by the right eye being invisible to the left eye, and the other by the 
left eye being invisible to the right eye. 

This apparatus consists of a small box A B c T>,fig, 378., about five 
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holies in width A D^ ten inches in length A b, and six inches in height 
Within this there slides another box, A' b' a d', 
made nearly to fit it, but to move freely within 
it, the interior of this box being blackened, or 
lined with black velvet. In the end b' c' is a 
rectangular aperture MN, the length of which 
M N is about an inch, and the height about half 
an inch ; the length, however, being capable of 
being augmented and diminished by slides. Op- 
posite to the end of the box b c is a white 
screen, on which is traced a horizontal line pa- 
rallel and opposite to the opening M N, and 
marked with a divided scale, the of which is 
opposite to the centre of the aperture M N, and 
the divisions upon which are numbered in each 
direction from by 1, 2, 3, 4, 5, 6. 
Let ns suppose the eyes now applied at R and L. Let the sliding 
Ki«erior box b' o' be moved until, on closing the left eye, the division 
of the scale coincides with the edge M of the opening, and at the 
same time, by closing the right eye, the same division of the scale 
coincides with the edge N of the opening. It will be always possible 
to make this adjustment, provided the eyes are placed centrally oppo- 
Bite the opening M N, which may be easily managed by cutting in the 
edge of the box ad an opening to receive the bridge of the nose. 
This arrangement being made, it is clear that if we close the left eye 
we shall see the space upon the scale included by the lines R N and 
B M continued to the screen r' l'. Let us suppose this space to in- 
clude the six divisions of the scale from to 6. If we close the 
right eye, we shall see with the left eye the six divisions of the scale 
to the right of 0. Now if we open both eyes and look steadily with 
them through the aperture M N, giving no more attention to the im- 
pression on the one than on the other, we shall see the twelve divisions 
of the scale, six to the righi and six to the left of ; the six divisions 
to the left of o being seen only with the right eye, and the six divi- 
sions to the right of being seen only with the lefl eye. 

In this way we have two similar objects, similarly illuminated and 
of equal magnitude, in immediaie juxtaposition, the one seen by the 
right and the other by the left eye ; and any difierence in their dis- 
tinctness, quality, brilliancy, or colour, will be as clearly and instantly 
perceivable as the comparative brilliancy of spaces illuminated by two 
different lights in the photometer. I have already experimented with 
this apparatus upon my own eyes, the result of which is, that I find 
that the sight of the right eye is much better than that of the left, 
the figures to the left of being always more distinct than those to 
the right of it ; but, what is more remarkable, I find that the trans- 
parency of the humours of the right eye is more perfect than that of 
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the hnmonrs of the left eye, for the space to the right of always 
appears less bright than the space to the left of it. 

1196. Method of adapting spectacles to eyes with unequal powers 
of vision, — To apply this instrument for the purpose of adapting 
spectacle lenses to eyes of unequal powers of vision, it is necessary 
first to ascertain the existence of the inequality of power in the man- 
ner already explained. It would then be necessary to provide two 
distinct screens on which similar scales might be drawn^ so that they 
might be placed at different distances from the aperture M N. Let 
their relative distances be then determined, so that the two eyes would 
see the scales with equal distinctness. These distances will then repre- 
sent the focal lengths of the divergent lenses which it would be 
necessary to provide for the eyes, so as to iuake them see different 
objects with equal distinctness. 

In the case of weak-sighted eyes, this method will not be applicable. 
In that case let the two screens be placed at equal distances from the 
aperture M N, and let lenses be selected for each eye separately, closing 
the other, so as to give a distinct perception of the scales. The two 
lenses being then simultaneously applied to the eyes, let the scale be 
viewed with both eyes open. If the lenses be adapted to. correct the 
defect of vision, the two parts of the scale to the right and to the left 
of 0, seen at the same time by each eye alone, will appear of uniform 
brilliancy and distinctness. * 

If defective eyes were tested by this method, I believe it would be 
found that inequality of vision would be much more common than is 
generally supposed, and accordingly the adaptation of ^ctacles would 
be considerably improved. 

1197. RemarkMe case of vision defective in different degrees in 
different directions. — Cases occur not only in which the comparative 
powers of vision of the two eyes differ, but in which the power of 
vision, even of the same eye, is different when estimated in different 
directions. 

I have known short-sighted persons who were more short-sighted 
for objects taken in a vertical than in a horizontal direction. Thus 
with them the height of an object would be more perceptible than its 
breadth, and in general vertical dimensions more clearly seen than 
horizonal. This difference arises from the refractive power of the eye 
taken in vertical planes being different from the refractive power 
taken in horizontal planes ; and the defect is accordingly removed by 
the use of lenses whose curvatures, measured in their vertical direc- 
tion, is different from their curvature, measured in their horizontal 
direction. The lenses, in fact, instead of having spherical surfaces, 
have elliptical surfaces, the eccentricities of which corresponded with 
the variation of the refractive power of the eye. 

1198. Camera lucida, — This instrument, the invention of the late 
l)r Wollaston, has proved of great utility in the arts, presenting a 
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remarkable facility for tracing a drawing of any distant objects^ sncb 
as a building, a landscape, &c. 

A quadrangular prism, abc d,J!g. 379, having a right angle at 
h, an angle of 135^ at d, and angles at a and c equal to 67i^, is sup- 
ported on a vertical pillar, with one side 
f^^f a & of its right angle horizontal, and the 

other 6 c vertical. 

M^ If an object be placed at a distance oppo- 

site b c, the rays proceeding from it will 
enter the prism in the direction x r, and 
will fall upon the surface & c so as to make 
25 the angle xrc equal to 22}°, and conse- 
quently the angle of incidence with the sur- 
Fi^. 379. face d c is 67}°. This angle being greater 

than the limit of transmission from glass 
into air, the light will be reflected from r, making the angle drr* 
equal to the angle cr x] consequently, it will fall upon the surface 
(fa at an angle of incidence of 67 J°, and will therefore be again 
reflected from r', making the angle ar' p equal to 22}°. The ray 
will thus fall upon the surface a h perpendicularly, and will pass 
through without further refraction. An eye placed at p would there- 
fore see the object from which the original ray x r had proceeded in 
the direction p r', and the same being true of all rays proceeding from 
the object, an image of the object will be seen by an eye presented 
downwards over the prism at a. 

If a sheet of white paper be placed upon the table which supports 
the prism, an eye placed at p will see a picture of the object projected 
.upon the paper; and if the eye be placed so close to the edge a of the 
prism that while it sees the picture projected upon the paper it also 
sees the paper directly, the observer will be able to trace with a pencil 
an outline corresponding with the picture, for while the picture is seen 
through the prism, the point of the pencil is directed upon the paper 
so seen directly outside the edge of the prism. 

The use of this instrument requires some dexterity obtained by 
practice ; but when the necessary skill is acquired, its use is simple 
and effectual. 

1199. Camera ohscura, — It has been already explained, that if an 
object be placed before a converging lens, at any distance greater than 
the focal length, a real image of the object will be formed on the other 
side of the lens, at the point corresponding to a position of the focue 
conjugate to the object. If the object, as is generally the case, be so 
distant that pencils of rays proceeding from it to the lens may be 
regarded as parallel, the lens will then form a picture of the object at 
a distance from it equal to its focal length. If a white screen be 
placed at right angles to the axis of the lens, and at the distance at 
which thd image is formed, the image will be depicted upon it wita 
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its proper form and oolonrs; and if arrangements were provided by 
which a draoghteman oonld have acoess to the image thus formed on 
the screen, he would be enabled to trace its outline. 

To obtain the necessary convenience and fisu^ilities for accomplishing 
this, arrangements are necessary by which 
all other light should be excluded except 
that which forms the picture, and that the 
position of the screen or paper on which 
the picture is formed should be such as 
may be convenient for the operator, and, 
in fine, so that the person of the operator 
may not intercept the rays forming the 
picture. These objects are attaint by 
different arrangements, one of the most 
simple of which is represented in^^. 380. 
The lens L is placed in the centre of 
the top of a rectangular box, whose height 
^ /^L corresponds with the focal length of the 

/ >w lens, whose bottom forms a desk upon 

* which the draughtsman works, and in the 

side of which is an opening through which 
he may introduce his head and arms, over 
which a curtain is suspended, so that while it includes his person it 
may exclude the light. A plane reflector A b is placed above the 
lens, and is moveable on hinges. It is capable of being adjusted by 
a handle, which descends into the box, so that the operator may raise 
and lower it until the picture is thrown in a proper position. Means 
are also provided by which the lens L and the mirror a b can be 
moved round their centre so as to receive any required direction. 
The lens L is adjusted in a sliding tube, by which the focus can be 
brought exactly to correspond with the surface of the paper. 

The oblique mirror a b and the lens l may be replaced by a prism 

with curved faces, such as that represented in 

— — -.._^ • fig. 381. The face of the prism a c, at which 

ML the rays first enter, is convex, by which the rays 

"— -i^^ ^"^ made to converge; they then fall upon the 

e" ^^J plane side a 6, by which they are reflected, and 

I / pass through the curved side c b, by which they 

II are again refracted. The curvatures of the two 
11 sides a e and c b may be related in any required 

manner, so that their convergent powers may be 

Fig. 381. equivalent to that of a lens of any proposed 

foMsal length. 

Strictly speaking, the picture of distant objects may be formed free 

from spherical aberration, if the surface of the paper form the surface 

of a sphere of which the optical centre of the lens is the centre. This 
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18 sometimes accomplished by throwing the picture upon a concave 
surface formed of plaster of Paris, whose centre corresponds with that 
of the lens. 

The phenomena exhibited by this instrument are rendered especially 
pleasing, inasmuch as it exhibits not only a picture of the external 
scenery, but shows all the objects in motion upon it as in the real 
scene. Thus carriages, horses, and pedestrians, appear with theii 
proper motion, the leaves tremble on the trees, and the smoke curls 
from the chimney. 

The opening at which the observer is placed, ought, of course, to 
be at that side of the box at which the picture appears erect. 

1200. The magic lantern. — The magic lantern is an instrument 
adapted for exhibiting, on an enlarged scale, pictures painted in trans- 
parent colours on glass, by means of magnifying lenses, by which the 
rays proceeding from the picture, after being transmitted, are brought 
to a focus at a distance from it upon a screen. The position of tlie 
screen and that of the picture are conjugate foci, and their linear 
dimensions are in the proportion of their distances from the lens. In 
proportion as the picture approaches the lens, the image formed on 
the screen recedes from it, and consequently becomes* more magnified. 
These instruments vary in their form, according to the circumstances 
under which they are placed, and the cost expended on their con* 
struction. 

They are usually arranged* as represented in Jig, 382. A lamp l 
is included in a dark lantern 3 behind it is placed a metallic reflector 
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Fig. 382. 

M N, and before it a large converging lens A, usually plano-convex. 
A groove is provided in the nozzle of the lantern, at c D, to receive 
the pictures, which are called sliders, in consequence of being succes- 
sively passed in and out of the groove c D. 

The colours in which they are painted and prepared are transparent 
gums, so that the light which passes through them may have corre- 
sponding colours. The magnifying lens B, which is also a convergent 
lens, is set in a tube, which slides in that which forms the fixed nozzle 
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of the lantern, and can be moved to and from the picture with a mo- 
tion like that of a telescope or opera-glass. The light proceeding 
directly from the lamp L, and that which is reflected bj M N passing 
through the lens A, which is called the illuminating lens, is made to 
converge upon the picture placed in the groove c D, so as to produce 
an equal illumination of every part of it. The light which thus pro- 
ceeds from the picture being received by the convergent lens B, is 
brought to a focus on a screen E F, the screen being placed at such a 
distance from B as to correspond with the focus conjugate to that of 
the picture. We are, therefore, to consider the slider as placed in the 
focus of incident rays, and the screen in the focus of refi*acted rays. 
If the tube B be pushed in so that the lens be brought nearer to the 
picture, the screen must be moved to a greater distance, since by what 
has been already established, according as the distance of the focus of 
incident rays from the lens B approaches to equality with ite focal 
length, the conjugate focus must recede from it. The magnifying 
power of the lantern is measured by dividing the height of the picture 
formed on the screen by the height of the picture formed on the 
slider. 

Thus, if the slide be two inches and a half wide, and the picture 
formed on the screen be twenty-five inches high, then the magnifying 
power will be ten. The picture may be either viewed by spectators 
placed before the screen or behind it. In the former case, the screen 
must be formed of some material which is* not penetrable by the light; 
in the latter case, it must be semi-transparent. 

The best surface for exhibiting such pictures to spectators placed 
in front of the screen, is white paper or pasteboard. To exhibit them 
to the spectator placed on the other side of the screen, it is usual to 
prepare the screen with fine wax, so as to stop all its pores, and 
prevent the direct transmission of light. In this case, the screen 
being semi-transparent, the picture formed on the side next the lan- 
tern is visible on the other side, just as it would be through a plate 
of ground glass. 

Since, however, at least one half the light which falls on the screen 
is reflected from it in the direction of the lantern, the pictures<-thus 
formed are never so vivid as those which are produced upon a properly 
prepared opaque screen. 

Since the light which forms the picture on the screen is in all cases 
that which proceeds from the picture on the slider, it is evident that 
the greater the magnifyingpower used, the less intense will be the 
brilliancy of the picture. Whether the picture on the screen be great 
or small, the same quantity of light will be difiused over it, being the 
light which proceeds from the picture on the slider. This light, there- 
fore, will be less intense in the same proportion as the magnitude of 
the picture on the screen is increased. K, therefore, the picture on 
the screen be ten times the height of the picture on the slider, its 
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brilliancy will be a hundred times less than the brilliancj of the pio- 
ture on the slider. 

1201. Phantasmagoria, — When the pictures produced by a magio 
lantern are shown through a transparent screen not visible to the 
spectator, they may be made to vary in magnitude, gradually increas- 
ing and gradually diminishing, by moving the light to or from the 
screen, and at the same time moving the lens B proportionally from 
or to tiie slider. In this case the effect produced on the spectators is 

?that of an object approaching to or receding from them ; the change 
of apparent magnitude which the picture undergoes being imputed to 
a change of distance in the object. When the picture diminishes, it 
is supposed to recede from the eye, and when it increases, it is sup- 
posed to approach the eye. Various effects of this kind, combined by 
means of different lanterns used at the same time, are called Phan- 
tasmagoria. 

1202. Dissolving views, — The exhibition called Dissolving Views 
is produced by placing two lanterns of equal power so as to throw 
pictures of equal magnitude in the same position on the same screen. 

A sliding shutter is placed upon the nozzle of each lantern, and the 
two shutters are moved simultaneously, in such a manner that when 
the nozzle of one lantern is open, that of the other is completely closed; 
and according as the nozzle of the former is gradually closed, that of 
the latter is gradually opened. 

Let us suppose, then, that two slides are placed in the lanterns, one re- 
presenting a landscape by day, and the other representing precisely the 
same landscape by night; and let the nozzle of that w^ich contains 
the landscape by day be open, the other being closed, the picture on the 
screen will then represent the landscape by day. If the slides be now 
slowly moved, the nozzle of the lantern which shows the day landscape 
will begin gradually to close, and that which shows the night landscape 
will gradually open. The effect will be, that the daylight will gradu- 
ally decline upon the picture, and the objects represented will assume 
by slow degrees the appearance of approaching night. This gradual 
change will go on until the nozzle of the lantern containing the day 
picture is completely closed and that containing the night picture com- 
pletely open, when the change from day to night will have been completed. 

Various other effects, familiar to those who have witnessed phan- 
tasmagoric exhibitions, are produced by combining two or more magic 
lanterns. Thus, for example, the picture of a castle with a portcullis 
and drawbridge is exhibited. The portcullis rises, and a knight in 
armour on horseback issues from it and crosses the drawbridge. The 
opening of the portcullis is in this case produced by a moveable plate 
attached to the slider representing the castle, and the figure of the 
knight is produced by means of a second lantern, so skillfully ma^- 
naged as to throw the image of the knight upon the screen, and to 
move it so as to cross the drawbridge. 
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1203. Simple microscopes. — If the eye possessed the faculty of 
increasing its convergent power without limit, it would be capable of 
rendering itself microscopic, and of perceiving accurately and distinctly, 
without artificial aid, the most minute objects. 

It has been already shown that the apparent magnitude of an object, 
measured by the angle it subtends at the eye, varies inversely as the 
distance at which the object is viewed. It therefore follows, that as 
we approach an object, its apparent magnitude increases in the same 
proportion as its distance from the eye is diminished. Now if there 
were no circumstance to prevent the eye from seeing distinctly an ob- 
ject at any distance, however small, we could see it with any apparent 
magnitude, however great, by merely bringing it close to the eye. 
Thus, if an insect placed at six inches from the eye be seen with a 
certain apparent magnitude, it will be seen with ten times that appa- 
rent magnitude at a distance of f'^ths of an inch, and with a hundred 
times that apparent magnitude at the distance of xSvths of an inch ; 
and so on. 

But while the eye approaxjhes to any object, the divergence of the 
pencils of light proceeding from each point of this object and pass- 
ing through the pupil, increases exactly in the same proportion as the 
distance of the eye from the object is diminished. At half the dis- 
tance the pencil would have double the divergence, and at one-tenth 
of the distance it would have ten times the divergence ; and so on. 
Now in order to obtain distinct vision of an object, it is not enough 
that the picture on the retina be large. It is necessary also that the 
pencils proceeding from the variouH points of the object should be 
severally brought to a. focus on the retina. Now the more divergent 
these pencils are, the greater will be the refracting power necessary 
to bring them to a focus on the retina ; and although the eye pos- 
sesses the faculty of augmenting its refractive power, the exercise of 
this faculty has a narrow limit, and there is accordingly a distance 
from the eye, within which a visible point being placed a pencil pro- 
ceeding from it cannot be made to converge upon the retina; and 
though an object placed within such distance may produce a large 
image on the retina, such image will be so indistinct and confused, 
owing to the pencils not coming to a focus, as to afford no clear 
perception of the object. 

But if, by any contrivance, we could enable the eye, as it approaches 
an object, to increase its converging power in the same proportion as 
its distance from the object is diminished, we should then enable it to 
see such object distinctly, however diminished its distance from the 
eye might be ; and we should consequently, by the same means, obtain 
a picture on the retina at once magnified and distinct. 

Now this object is attained by the simple microscope, which is 
nothing more than a convergent lens applied between the eye and the 
object, the effect of which is to cause the pencils of rays which diverge 
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from the sevettJ points of the object to enter the pupil with a degree 
of divergence so much diminished as to enable the eye to bring tbera 
to a focus on the retina. It must be remembered, that a convergent 
lens placed at a distance equal to its focal length from the focus of a 
divergent pencil renders the rays of such pencil parallel; thus destroy- 
ing altogether their divergence. 

1204. How simple microscopes are adapted to different eyes, — 
If such a lens be applied at a still less distance than the focal length 
from the focus of a divergent pencil, its effect vrill be not altogether 
to destroy, but merely to diminish the divergence of the rays of the 
pencil. 

Now some eyes, such as those cslled far-sighted, are adapted to the 
reception of parallel rays, which they bring without effort to a focus 
on the retina. Others, called near-sighted^ are adapted to the recep- 
tion of rays more or less divergent, which they bring to a focus on 
the retina. A convergent lens placed between the eye and an object 
near it may, in either case, be so adapted as to bring the rays diverg- 
ing from the points of such object to a focus on the retina, and there- 
fore to afford clear vision of it. 

If the eye, for example, be far-sighted, and therefore adapted to 
the reception of parallel rays, the lens must be held at a distance from 
the object equal to its focal length, in which case the pencils diverg- 
ing from the various points of the object will be parallel after pass- 
ing through the lens, and will therefore be brought to a focus on the 
retina. 

If the eye be near-sighted, so as to be adapted to ray^ more or less 
divergent, then the lens must be placed at a distance from the object 
less than its focal length, and the distance must be regulated, which 
it always may be by trial, so that the rays of the pencil, after passing 
through it, shall have just that degree of divergence which will enable 
the eye to bring them to a focus on the retina. 

The more short-sighted the eye is in this case, the greater will be 
the divergence with which the rays will enter it, and consequently the 
nearer to the object the lens must be brought. The apparent mag- 
nitude, therefore, of an object, when seen through a single converging 
lens, is equal to the apparent magnitude which it would have if the 
eye could view it at the same distance without the intervention of any 
lens ; and from what has been just explained it follows that the same 
lens will give a greater apparent magnitude to an object to a near- 
sighted than to a far-sighted person, and the more near-sighted the 
eye is, the greater will be the apparent magnitude of the object seen 
through the lens. 

1205. Magnifying power explained. — The term magnifying 
power, as applied to a microscope, is one which, in its ordinary appli- 
cation, is generally vague and uncertain. It has in all cases a relative 
fiignilication; the object viewed being said to be magnified or increased 
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m magnitude, in comparison with the apparent magnitude which it 
would have if viewed without the interposition of a lens. But since 
the eye is capable of obtaining distinct vision of the same object at 
different distances, it is capable of seeing the same object with dif- 
ferent apparent magnitudes. 

To give a distinct meaning, therefore, to the term magnifying power, 
it is necessary to state what is the standard magnitude with which the 
effect of the lens is to be compared. 

This standard is, or ought to be, the greatest apparent magnitude 
under which the object is capable of being distinctly seen by an eye 
without the interposition of a lens. But here a distinction becomes 
necessary. The greatest apparent magnitude under which a given 
object can be seen by one person is not the same as the greatest appa- 
rent magnitude under which it call be seen by another. The greatest 
apparent magnitude under which an object appears to a short-sighted 
eye, which can obtain a clear perception of it when viewed at five 
inches' distance, is greater than the greatest apparent magnitude un- 
der which it can be seen by a long-sighted eye, which is not capable 
of obtaining a clear perception of it at a less distance than ten inches. 
It is evident, therefore, that the magnifying power of a given micro- 
scope applied to the eye of the one person will be different from its 
magnifying power applied to the eye of the other. 

In general, however, it may be stated that the apparent magnitude 
of an object seen through a simple microscope, is so many times 
greater than the apparent magnitude of the same object seen at any 
distance at which distinct vision can be obtained, as the latter distance 
is greater than the distance of the object from the microscope. 

Thus, if an object which cannot be distinctly seen at a less distance 
than eight inches be made distinctly visible at the distance of one 
inch by the interposition of a convergent lens, the magnifying power 
of such lens to the eye which thus views the object is eight times, 
inasmuch as the angle subtended by the object at the distance of an 
inch is eight times that which it would subtend at the distance of 
eight inches. 

1206. Apparent brightness is diminished as the square of the 
magnifying power is increased. — What has been stated respecting 
the brilliancy of a picture thrown upon a screen by a magic lantern, 
is equally applicable to the brilliancy of the image of an object 
formed on the retina either by means of the naked eye or by the in- 
terposition of a convergent lens. The light diffused over such a pic- 
ture can only be that which is transmitted from the object, and it 
follows that the larger the picture the less, proportionally, will be its 
brilliancy ; and in this case it must be remembered, that the area of 
the picture is increased in proportion to the square of the magnifying 
power Thus, if the magnifying power be four, the height or dia- 
meter of the picture on the retina formed by the lens will be four times 
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the height or diameter of the picture formed on the retina without 
the lens. But if the height or diameter be increased in a four-fdd 
proportion, the area of the picture will be increased in a sizteen-fold 
proportion, and the light which was before diffused over the smaller 
area will, by means of the lens, be spread over an area sixteen times 
greater, and consequently the brilliancy of the image will be sixteen 
times less. 

If it be desired that the magnified image of an object produced by 
a microscope should have the same brilliancy as the object itself has 
when viewed without a microscope, it would be necessary to illumi- 
nate the object, when viewed through the microscope, with light of 
an intensity proportional to the square of the magnifying power. 
Thus, if a magnifying power of four were used, the image cannot 
have the same intensity of illumination as the object, unless it be 
illuminated with light of sixteen times the intensity. ]f 

1207. Compound microscope, — With the simple microscope the ^ 

object itself is viewed directly by the eye, but at a less distance than 
would be compatible with distinctness of vision without the interposi- 
tion of the lens. It is, however, sometimes necessary to submit to 
microscopic observation objects so minute that practical difficulties 
would arise in viewing them with simple lenses of sufficiently small 
focal length to produce the requisite magnifying effect. In such cases, ' 
instead of submitting the object itself to immediate observation by 
means of the simple microscope, an optical image of it is produced 
by means of convergent lenses or concave reflectors. 

The image thus formed may, according to the principles already 
established (Chap. X.), be rendered larger in any desired proportion 
than the object, and may, therefore, be viewed with a simple micro- 
scope of proportionally less magnifying power. Thus, for example, 
if an image of a minute object be produced, having linear dimensions 
ten times greater than those of the object, and if such image be 
viewed by a simple microscope whose magnifying power is twenty, the 
object will, by such a combination, be magnified two hundred times; 
for the image which forms the immediate object of examination with 
the simple microscope has ten times the linear magnitude of the . 
object, and is itself magnified twenty times by the simple microscope. 

A compound microscope consists, then, of such a combination. If 
the image, which is the immediate object of observation be formed 
by lenses, the microscope is called a compound refracting microscope, 
and if it be formed by a concave reflector it is called a compound 
reflecting microscope. 

The form, dimensions, and power of compound microscopes are 
infinitely various, according to the purposes to which they are applied, 
to the exigencies of the observer for whose use they are intended, and 
to the taste and ability of their constructors. 

The principles common to all refracting microscopes, which are 
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more generally used than reflectors, may be more clearly nnderstood 
by reference U^fig. 383., where h represents a small convergent lens 
of very short focal length, before which a minute object o, which it is 




Fig. 383. 

desired to magnify, is placed. The distance h o will a little exceed 
the focal length of the lens b. An image of o will be formed at o', 
the focus conjugate to o. The magnitude of the image at </ will bQ 
just so much greater than the magnitude of the object, as the dis- 
tance cf bvA greater than the distance o 6. This image (/ is the imme- 
diate object of examination with the simple microscope e ) and every- 
thing which has been explained with respect to the application of 
simple microscopes to magnify objects will be equally applicable to 
the microscope e as applied to the image </, considered as an object. 
The lens h is called the object-glass, and the lens e is called the eye- 
glass. In some cases, instead of a single lens two or more are used 
at 6, so as to form a compound object-glass. The lens h is rendered 
achromatic in the manner already explained, by constructing it of 
two lenses having different dispersive powers and corresponding cur- 
vatures, as already explained. 

The magnifying power of the object-glass is generally increased, 
not by increasing its curvature, but by combining together two or 
more lenses of equal magnifying power, and of equal opening. In 
this way the observer is enabled with great facility to vary the power 
of his microscope at pleasure, according to the magnitude of the 
object he examines. 

It is only necessary to screw upon the end of the microscope next 
the object one, two, or three lenses, so as to increase the magnifying 
power. 

In like manner the eye-glass e may be varied in power by com- 
bining different lenses. It is usual in compound microscopes to pro- 
vide several eye-pieces, as they are called, having different powers ; 
the eye-piece being the name given to the sliding tube which contains 
the eye-glass, and which moves with the motion of a telescope joint, 
90 as to vary at pleasure its distance from the image </. These eye 
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pieees usually consist of two plano-convex lenses instead of a single 
double convex lens. 

It is sometimes convenient to enable the observer looking in a hori- 
zontal direction to see an object which is placed vertically below the 
end of the instrument. This is accomplished by placing the great 
tube containing the object-glass at right angles to the tube along which 
the observer looks, a rectangular prism being placed, as represented 
at r, in the angle formed by the two tubes. This, arrangement is 
represented at r h\ where V is the object-glass, and o" the object, and 
r the prism by which the pencils proceeding from the object-glass 6' 
are reflected at right angles, so that the image is formed at d. 

It has been already explained that in all cases where a distinct 
image is required to be formed by means of a convergent lens, the 
divergence of the pencils proceeding from the object must not exceed 
such a limit as would render the diameter of the lens sensibly differ- 
ent from the length of a circular arc described with the extreme 
pencils as radii, and the point of the object from which the rays 
diverge as a centre. Consequently it follows that in all cases the 
diameter of the lens must bear a very small proportion to the distance 
of the object from it. 

Now, since in microscopes of every kind where an eye-piece is used 
the focal length of the lens itself, if it be a simple microscope, and of 
the object-glass, if it be a compound microscope, is extremely short, and 
the distance of the object from the lens very small, it follows that, 
according to the principle just explained, the diameter of such lenses 
must be also extremely small, since their diameters must bear an in- 
considerable proportion to such distance, and the higher the magnify- 
ing power, the smaller must be the diameter of the lens. Thus the 
diameter of such lenses used for the object-glasses of compound micro- 
scopes do net exceed in general a small fraction of an inch. The 
same observation is applicable to the reflectors or specula used to form 
the image in reflecting microscopes. 

1208. Compound universal microscope of Charles Chevalier. — 
It would not be compatible with the object of this volume to enter 
into any detailed description of the various forms of compound micro 
scopes. It may be useful, however, to indicate the arrangements 
adopted in one as an example. For this purpose I shall here briefly 
describe the forin of microscope constructed by Mr. Charles Cheva- 
lier, and called from its general utility the Universal Microscope. 

This instrument is represented in fig. 384. The object-glass is at 
Y, and the eye-piece at s. The rectangular prism by which the pen- 
cils are turned along the horizontal tube is at Y. The object-glasses 
consist of three achromatic lenses, whose focal lengths vary from three- 
tenths to four-tenths of an inch. These lenses are constructed with 
screws so as to be successively screwed upon the end Y of the tulw 
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They may be used separately or together, according to tlie magnify- 
ing power required. 




Fig. 384. 

The instrument is usually provided with six eye-pieces ; the first 
four are constructed upon the same principle, each being composed 
of two plano-convex lenses, whose convexities are turned towards the 
image. The two others are simple converging lenses of short focus. 
Z is a stage provided to receive the slider on which the object to be 
examined is placed. This stage can be moved gradually by an ad- 
justing screw o, upwards and downwards on a square vertical rod P G, 
so as to vary its distance from the object-glass Y. The observer look- 
ing through the eye-piece s, places his right hand upon the screw o, and 
turns it in the one direction or the other, until he brings the object 
to the fociLS, the final adjustment being made by a £ne micrometrio 
screw Q, which gives a slower motion to the stage than can be im- 
parted to it by the screw o. 

If the object be transparent, it is illuminated by a concave mirror 
H, which is capable of being adjusted at such an angle with reference 
to the light as to throw the illumination directly upon the object by 
means of a horizontal axis K, on which the reflector H turns, and the 
intensity of the illumination may be varied by moving the reflector 
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«reriically upon the bar p G by means of a screw N^ wbicb works in a 
rack behind the bar and carries with it the frame L^ by which the 
mirror is sustained. In this manner the reflector may be made to 
approach to or recede from the slider which supports the object, and 
the light thrown upon it may be accordingly rendered more or less 
intense. 

If the instrument be used in the day-time it will be convenient to 
place it upon a table near a window, so that the light from the clouds 
may be received upon the reflector H. K it be used at night, a lamp 
or candle placed at a convenient height in front of the instrument will 
form a sufficient illumination. 

In order to intercept all light proceeding from the reflector H, except 
that which falls upon the object, a circular movable stage is placed 
beneath the stage z, which supports the object, and pierced by a num- 
ber of holes of Afferent magnitudes, which, being brought successively 
under the object, regulate the quantity of fight reflected from H which 
is transmitted to the i>bject. 

The focus is determined by the adjustment with the screw o, and 
Btill more accurately by the micrometer screw. 

When it is required to view opaque objects, they are usually placed 
upon a blackened glass laid upon the slide z, and are illuminated by 
another lens op^reflector attached to the side of the slide z. 

When high magnifying powers are used, so that only a part of a 
minute object can be seen at one time in the field of view, it is desi- 
rable to be enabled to move the object slowly under the microscope, 
so as to bring all its parts successively under examination. To dc 
this by moving the slide with the hand is impracticable, for the motion 
being magnified in the same proportion as the object, a movement of 
the hand which is imperceptible will throw the object completely out 
of the field. To enable, therefore, the observer to move the object 
so as to bring all its parts successively into view, and to keep any part 
ateadily under examination, two micrometer screws under the stage Z 
are provided : the first moves the object backwards and forwards to 
or from the observer, and the second moves it laterally right and left 
By the combination of these two motions every possible position can 
be given to the object. 

To keep the eye of the observer undisturbed by extraneous light, 
a large circular screen s' s' is placed between the socket of the eye- 
piece and the end of the instrument. By this means the observer is 
not under the necessity of closing that eye which is not directed to 
the eye-piece. 

1209. Maptation of the camera lucida to the microscope. — The 
adaptation of the camera lucida to this instrument has greatly ex- 
tended its interest and utility. The instrument is attached to the eye- 
piece s, so that when the observer looks upon it he sees, by the re- 
flection of the prism, a sheet of paper placed vertically under the 
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eye-piece on a table before bim, and be sees directly tbe image of tbe 
magnified object projected upon the paper. In this manner be is 
enabled to make a tracing of the object, as already described in the 
application of the camera lucida. 

1210. Method of determining the magnifying potter. — To deter- 
mine the magnifying power of the instrument, a slide is provided, of 
the form represented in Jfg. 385., upon which is engraved a micro- 




Fig. 386. 

meter scale, made to tbe r^Trtb part of a millimetre, which is equiva- 
lent to the ?^th part of an inch. There are usually ten of these 
divisions engraved upon the slider, the entire length of which is there- 
fore the livth part of an inch. This slide being placed upon the 
stage, a camera lucida, constructed upon the principle of Amici, is 
attached to the eye-piece C,Jig. 385., the eflfect of which is that the 
eye sees a magnified image of the scale projected upon a sheet of paper 
A spread upon the table under the hand of th'e observer. A divided 
scale being applied to this magnified image, the length of the mag- 
nified divisions may be at once compared with the divisions on the 
divided scale, which are seen directly without being magnified. The 
arrangement by which this is accomplished is represented in^^. 385., 
where P represents the eye, B a metallic speculum applied at an angle 
of 45° with the line of vision, and having a hole pierced in its cen- 
tre, through which the eye-piece and the magnified image of the scale. 
Jig, 386., are seen. At the same time the eye sees by reflection, in 
the speculum B, the sheet of paper A, upon which a scale is placed 
at 0', parallel to, and coincident with, the image of the scale, ^^. 
386., which is also seen projected on the paper. By comparing the 
divisions of the image of the scale, ^^. 386., seen magnified, with the 
image of the divisions of the scale on the paper A, seen by reflection 
without being magnified, the magnifying power can be immediately 
ascertained 
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The magnifying power being tbus ascertained, the real cbpensions of 
any object viewed through the microscope can be easily measured. For 
this purpose, let a system of parallel lines be described upon the paper 
A, at right angles to each other as represented at a', so that the dis- 
tance between them shall correspond to any fraction of an inch, such 
as the 2000th part, as ascertained by the method just explained. 

When the magnified image of a minute object is seen projected 
upon the paper upon which this rectangular scale is drawn, the dimen- 
sions of the object can be determined by inspection, by merely ob- 
serving how many squares of the rectangular scale the image occupies. 

The details of the microscope represented in ^. 384., present 
many practical conveniences to the general microscopic observer. 

When it is desirable to present the main tube R directly upon the 
object without reflection by the rectangular prism v, the elbow tube 
which contains this prism can be detached both from the main tube 
R, and from the tube x, which bears the object-glass, being attached 
to them by bayonet joints. The tube x is then inserted in the main 
tube R of the instrument, so as to form a compound microscope, in 
which the pencils refracted by the object-glass Y will proceed directly 
to the eye-piece S. The body of the microscope R turns upon if joint 
at c, so that it can be moved through a right angle, so as to be applied 
in a vertical position, and to enable the observer to look vertically 
downwards on the stage z, which supports the object. 

The instrument can also be applied at any required angle with the 
' vertical. To accomplish this, it is only necessary to loosen the screw 
G, by which the straight bar P G is held in the vertical position. 
When this is done, the bar p G, carrying the reflector H and the stage 
z, can be turned at any angle with the pillar c by means of the 
pivot £, upon which the entire instrument, including the body of the 
microscope and the bar p G, turns with a common motion. The pivot 
works so stiffly, and the weight of the instrument is so equally 
balanced upon it, that it will rest at any required angle with the vertical. 

By means of the two pivots e and c, the bar p G, and the body of 
the instrument R, can be brought into a horizontal direction, so that 
the stage Z shall be vertical and opposite to the object-glass of the 
microscope, the axis of which is horiasontal. Proper holders are pro- 
vided t)n the stage to keep the sliders in their position upon it, at 
whatever angle it may be applied with the vertical. 

The entire instrument is screwed at o upon its own case A, in 
which is a drawer, B, properly constructed to receive it and all its ac- 
cessories. 

1211. Solar microscope, — This instrument partakes of the cha- 
racter of a magic lantern and a compound microscope. Light pro- 
ceeding directly from the sun is received upon a plane mirror, and 
reflected by it into the tube of the instrument, where it is received 
upon a large convergent lens called the illuminating lens. By thi» 
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lens tbe nys- are made to converge to a focus, near which they are 
received upon the minute object which it is desired to exhibit. In 
this manner, the light thrown upon the object is just so much more 
intense than that which it would receive directly from the sun, as the 
area of the illuminating lens is greater than the area of the object. 
The object being thus Oluminated, a magnifying lens is applied before 
it at a distance greater than the focal length ; and an image is ac- 
cordingly formed of the object at the other side of this lens, which 
image is greater than the object in the same proportionfts its distance 
from the magnifying lens is greater than the distance of the object 
firom it. A white screen being properly suspended at the necessary 
distance from the magnifying lens, receives the image, upon which it 
is seen in the same manner as in the case of the magic lantern. 

It is evident that such objects only can be exhibited in this instru- 
ment as are naturally transparent, or such as may be rendered so. 
If opaque objects are exhibited, nothing appears upon the screen ex- 
cept a gigantic silhouette or profile of their form. 

Such an instrument could only be exhibited in the day-time, and 
when the sun is unclouded. Its application, however, has recently 
been1*endered more convenient and extensive by adapting it to artificial 
light called the Drummond light. Instead of the solar rays, a small 
cylinder of lime rendered incandescent by the oxyhydrogen blow-pipe 
is applied behind the illuminating lens in such a position that its 
light is brought to a focus upon the object to be exhibited, and the 
same effect is thereby produced as with sun-light. Several successful 
A attempts have been stiU more recently made to apply the electric 
' n1 light to this instrument. 
y 1212. The telescope. — What the compound microscope is to 
minute and near objects, the telescope is to distant objects. The 
principle in both instruments is the same, the details of its application 
alone being different. In the telescope, however, as the objects to 
which it is directed are always at a considerable distance from the 
object-glass, and generally at a distance which may be considered in- 
finite as compared with any possible magnitude of that lens, it is pos- 
sible to give the object-glass any desired magnitude without producing 
such spherical aberration as would render the image indistinct. In 
£ne, the objects to which a telescope is directed being at distances in- 
comparably greater than the diameter of the object-glass, their images 
will always be formed at a distance from such lens equal to its focal 
length. The pencils which proceed from the extreme limits of the 
object passing through the centre of the object-glass, and interesect- 
ing there, are continued to the corresponding extreme limits of the 
image which is formed in an inverted position with respect to the ob- 
ject at a distance from the object-glass equal to its focal length. 

This image therefore subtends, at the centre of the object-glass^ an 
angle equal to that which the object subtends at the same point. If 
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we ima^ne that an eye be placed at the centre of the object-glass, tho 
apparent magnitude of the image seen from that point would be equal 
to the apparent magnitude of the object. 

The image which is thus formed at the focus of the object-glass is, 
as in the case of the compound microscope, viewed by the observer 
with a simple convergent lens, called as in the compound mict^scope 
the eye-glass. All the observations which have been made in rela- 
tion to the eye-piece of the compound microscope are equally appli- 
cable to the eye-piece of the telescope, which performs precisely the 
same functions in relation to the image formed at the focus of the 
object-glass as the eye-piece of a compound microscope with respect to. 
the image formed in the focus of the object-glass of that instrument. 

Telescopes differ from each other in the details of their construe^ 
tion, according as the images of the different objects are produced by 
object-glasses or by concave reflectors. In this respect telescopes, 
like microscopes, consist of two classes, reflecting telescopes and re- 
fracting telescopes. They are also clsfesed in relation to the objects 
to the vision of which they are directed ) those which are used for as* 
tronomical purposes being called astronomical telescopes, and those 
which are used for observing objects at less distance on the surface of 
the earth being called terrestrial telescopes. 

In this last class it is important that the object should be seen 
erect, which it would not be if the image formed by the object-glass 
were the immediate subject of observation by the eye-glass; such image 
being, as already explained, always inverted. An expedient, however, 
is adopted in one class of telescopes, as will be presently explained, 
by which this inconvenience is removed without the introduction of 
additional lenses. 

Having thus explained the general properties upon which telescopes 
are constructed, we shall briefly explain the different kinds of telescopes. 

1213. The Gregorian reflecting telescope, — A longitudinal 
section of this instrument is represented in Jig, 387. A B is a large 




Fig. 387. 

concave speculum formed of an alloy of metals adapted to receive a 
high polish. A circular aperture is made in the centre, so that the 
reflecting portion of the speculum is that pairt only which is outside 
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the circular aperture. A Becoiid concave specalum o d is placed with 
its concavity in the other direction, at a distance from a b greater 
than the focal length of the great speculum. The eje-glass F is 
placed in a smaller tahe inserted in the greater one opposite the open- 
ing of the great speculum. 

The extremity of the great tuhe heing open, and presented towards 
the ohject of ohservation, an inverted image of this object is formed 
at m ft in the principal focus of the great speculum A B. This image 
forms an object for the small speculum c D, and another image is 
formed in the conjugate focus fii n' ; this latter image being inverted 
with respect to m it, and therefore erect with respect to the object. 

The pencils proceeding from C D are sometimes brought to a focus 
by the interposition of a converging lens e, but this is not necessary. 

The image m' n' is viewed by the eye-glass f, which, as already ex- 
plained, may be considered as a simple microscope. 

The telescope is mounted with proper apparatus, by which it can 
be directed to the object, and by which its focus can be regulated. 

1214. Cassegrain's reflecting telescope. — A longitudinal section 




Ffg. 388. 

of this instrument is given in Jig. 388. Its details are in all respects 
similar to the Gregorian reflector, except that the second speculum o D 
is convex instead of being concave, and receives the pencils proceed- 
ing from A B before they come to a focus. It turns them back to- 
wards the eye-piece, whet« an image is formed, as in the former case. 
1215. The Newtonian reflecting telescope. — A longitudinal section 
of this instrument is represented in fig. 389., where A B is the great 




Fig. 389. 

speculum which would form an image of the object at m n in its prin- 
cipal focus. 
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But tbe pencils, before they arrive at that point, being received 
upon a plane reflector o D placed at an angle of 45° with the axis of 
the telescope, the image is formed at m' n' in a lateral tube inserted 
in the great tube, where it is viewed by an eye-piece, as before ex- 
plained. In this case the open end A of the great tube is directed 
towards the object, and the observer examines the object by looking 
in at the side of the telescope in a direction at right angles to its 
length. 

In all these cases, the central rays of the pencils directed upOn the 
great speculum are lost. In the Gregorian and Cassegrain, the central 
portion of the speculum is removed, and in the Newtonian telescope 
the central rays are intercepted by the plane reflector o D. 

1216. HerscheVs telescope, — The form of reflecting telescope which 
has attained by far the greatest celebrity of any that have been hitherto 
constructed, is that which was erected by Sir W. Herschel, and used 
by him with such signal success, as to render his name memorable in 
the history of astronomical science. Herschel, after having constructed 
a great number of reflecting telescopes on the Newtonian principle, 
varying from seven to twenty feet in length, aided by the patronage 
of George III., completed in 1789 his celebrated telescope, forty feet 
in length, by which, on the very day it was completed, he discovered 
the sixth satellite of Saturn. The great speculum of this telescope 
measured nearly fifty inches in diameter, its thickness being three 
inches and a half, and its weight about a ton. The open end of the 
telescope being directed to the point of the heavens under observation, 
and the speculum being fixed at its lower end, the observer is sus* 
pended in a chair, so as to be able to look over the lowest part of the 
edge of the opening. The speculum being a little inclined to the 
axis of the tube, the image is formed near the lowest point of the edge 
of the opening, where it is viewed by the observer with proper eye- 
pieces. 

The quantity of light obtained by this prodigious speculum enabled 
Sir W. Herschel to use magnifying powers which greatly exceeded 
any which before his time had been applied. He was thus enabled, 
in examining the fixed stars, to apply in some cases a magnifying 
power of 6450. 

1217. T/ic Galilean telescope. — Opera-glass, — This telescope, 
which takes its name from Galileo, by whom it was first used, is a 
refracting telescope, the principle of which is represented in^^. 390. 
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A B is the object>-glas8, in the principal focus of which, E, an inverted 
image of the object would be formed ; but before the pencils arrive at 
this point, they are received bj a divergent lens o D, which, destroy- 
ing their convergence, causes them to enter the eye parallel, as thej 
would if they proceeded from an object at a considerable distance. 

The general direction of the axes of the pencils, however, is not 
changed, and the eye consequently receives them as if they had pro- 
ceeded from an object at the same distance from the eye as the image 
m n is from the eye-glass D. The apparent magnitude, therefore, 
of the object, as seen with the eye-glass o D, is measured by the angle 
which the image m n subtends at the centre of the lens c J> ; and the 
apparent magnitude of the object as seen directly is equal to the 
angle which the same image subtends at the centre of the object- 
glass F. 

If, therefore, we divide the focal length of the object-glass by the 
distance of the eye-glass from the image, we shall then obtain the 
magnifying power. 

Let us suppose, for example, that the focal length of the object- 
glass is fifty inches, that the focal length of the eye-glass is one inch, 
and that the eye of the observer is adapted to the reception of parallel 
rays. In this case, the focal length of the object-glass will be fifty 
times the distance of the eye-glass from the image, and the telescope 
will magnify accordingly fifty times. But if the eye of the observer 
be adapted to the reception of diverging rays, then the eye-glass o D 
must be removed further from the image than its focal length, and, 
consequently, the magnifying power will be less than it would be for 
an eye adapted to parallel rays; and if, on the contrary, the eye 
of the observer be aidapted to converging rays, the eye-glass must be 
moved near to the image, and the magnifying power will be greater. 

In all cases, the distance of the eye-glass from the object-glass is 
equal to the difference between their focal lengths for eyes adapted to 
parallel rays. It is a little less for short-sighted, and a little more for 
long-sighted eyes. 

This form of telescope has long been disused for all purposes where 
very distant objects are observed. It is, however, still continued with 
great convenience where the objects of observation are nearer, aa 
in the case of opera-glasses, which are nothing more than Galilean 



These instruments have lately been mounted in pairs, so as to 
enable the spectator to use both his eyes, as with spectacles. 

1218. The astronomical telescope, — This is the name given to a 
refracting telescope, consisting of two convergent lenses, one u^ed as 
an object-lens, to form an image of the object to be observed, and the 
other as a simple microscope, to examine this image. The principle 
of this instrument has oeen already sufficiently explained in the case 
of the compound microscope, from which it differs in nothing but in 
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the proportion of its parts. AB,Jig. 391., is the objeot-ghun; id 
iDverted image m it of the object m n is formed at its foccui. 




Fig. 3^1. 

This image is viewed by the eyerpiece o D, which for eyes adapted 
to parallel rays is placed at a distance from m n equal to its focal 
length. The image m n is seen under an angle equal to that whieh it 
subtends at the centre of the eye-glass o D, and its apparent magni- 
tude being equal to the angle which it subtends at the centre of the 
object-glass A B, it follows that the magnifying power of the instru- 
ment is found by dividing the focal lengUi of the object-glass bj 
the focal length of the eye-glass. The image, as seen in this instru- 
ment, is always inverted with respect to the object; but as it is used 
for astronomical purposes, this is unimportant 

1219. Terrestrial telescope. — When the telescope described aboTe 
is applied to terrestrial objects, it ezhibits them inverted. This is 
corrected by interposing between the eye and the image other lensesi 
by which a second image is formed, inverted with respect to the first, 
and therefore erect with respect to the object. This arrangement is 
represented in Jig. 392., where A B is the object and m n the first in- 
verted image. A convergent lens c D is placed before this image, at 




Fig. 392. ^ 

a distance equal to its focal length ; consequently, the pencils proceea« 
ing from m n, after passing through o D, will emerge with their rays 
parallel. These pencils are received by another converging lens of 
equal focal length E F, by which they are again rendered convergent, 
and are made to form the image m' n', which is inverted with respect 
U) mt^ and erect with respect to the object. This image m'n' ii 
viewed by the eye-glass G H in the usual manner. 

The eye-pieces of telescopes, like those of microscopes, do not ne- 
cessarily consist of a single lens, but are frequently composed of two. 
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The objecirglass, as well as the other lenses composing refracting tele- 
jcopes, are usually constructed so as to be achromatic^ upon the prin- 
ciple already explained in Chap. XIIL 



CHAP. XVI. 

THEORIES OF LIOHT. 

1220. Ordinary reflection and refraction explicdbU independently 
of theories. — The optical phenomena attending ordinary reflection 
and refraction, which have formed the subjects of the preceding chap- 
ters, have been explained without reference to any hypothesis or the- 
ory. They have been deduced directly from experiments, the results 
of which are so simple and obvious, that the laws which prevail 
among them have been rendered evident without reference to theore- 
tical considerations. 

Other phenomena, however, will now have to be examined, in 
which the same simplicity does not prevail, and which do not admit 
of being explained or reduced to general laws without the occasional 
use of language derived from one or other of the theories respecting 
the nature of light which have been imagined by scientific inquirers. 

1221. Ttoo theories of light, — We shall therefore now explain 
briefly those theories or hjrpotheses which have been proposed re- 
specting the nature of light, for the purpose of explaining the phe- 
nomena of optics. 

It has been already stated that the scientific world for ages has been 
more or less divided by two theories or hypotheses concerning the na- 
ture of light, one of which is known as the corpuscular theory, or 
the theory of emission, and the other as the undulatory theory, or 
the theory of undulation. 

1222. Corpuscular theory. — In the corpuscular theory, which 
was adopted by Newton & the basis of his optical inquiries, light is 
considered as a material substance, consisting of infinitely minute 
molecules which issue from luminous bodies and pass through space 
with prodigious velocities. Thus, in this hypothesis, the sun is re- 
garded as a source from which such molecules or corpuscles proceed 
in every direction, with such a velocity that they pass from that lumi- 
nary to the earth, over a distance of ninety-five millions of miles, in 
about eight minutes and thirteen seconds. 

This immense velocity with which they are endued, amounting to 
nearly two hundred thousand miles per second, united with the fact 
established by observation^ that they do not impress with the slightest 
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momentam tbe lightest objects which they strike, render it necessary 
to suppose that they are so minute as to be altogether destitute of 
inertia or gravity. The strongest beam of sunlight acting upon the 
most delicate substance, upon the fibres of silk or the web of the 
spider, or upon gold-leaf, does not impress upon them the slightest 
perceptible motion. Now, in order that a particle of matter endued 
with a velocity so great should have no perceptible momentum, it is 
necessary to suppose it to be almost infinitely minute. 

But this minuteness requires to be admitted to a stilt greater ex 
tent, when it is considered that particle after particle striking upon 
bodies so light, even after the communication of their forces, impart 
to them no perceptible motion. 

1223. Difference of colour explained, — In this system the dif- 
ference of colour which prevails among the different homogeneous- 
lights, the combination of which constitutes solar light, is ascribed to 
different velocities. 

Thus the sensation of red is produced by luminous molecules 
animated by one velocity, orange by another, blue by another, and so 
on. 

1224. Laws of refraction and reflection explained, — The law 
which renders the angle of reflection equal to the angle of incidence, 
is explained by supposing such molecules to have perfect elasticity. 
The law of refraction is explained by supposing that such molecules 
are subject to an attraction towards the perpendicular when they 
enter a denser, and by a repulsion from it when they enter a rarer 
medium. 

1226. Undulatory theory. — In the undulatory theory which was 
adopted by Huygens, and after him by most continental philosophers, 
light is regarded as in all respects analogous to sound. 

The luminous body in this system does not transmit any matter 
through space any more than a bell transmits matter when it sounds. 
The luminous body is regarded as a centre of vibration ; but in order 
to explain the transmission of this vibration through space, the 
existence of a subtle fluid is assumed, which plays, with regard to 
light, nearly the same part as the atmosphere plays with regard to 
sound. The sun in this theory, then, is a &ntre of vibration, and the 
space which surrounds him being filled with an atmosphere of this 
subtle fluid, transmits this vibration exactly as the atmosphere trans- 
mits the vibration of a sounding body. 

1226. The luminous ether. — This hypothetical fluid has received 
the name of ether. It is supposed not only to fill all the vacant 
spaces of the universe which are unoccupied by bodies, but also to fill 
the interstices which exist between the component parts of bodies. 
Thus it is not only mingled with the atmosphere which surrounds the 
earth, but also with the component parts of water, glass, and all trans- 
parent substances; and since opaque substances, when rendered suf- 
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fioientlj thin, are penetrable more or less by ligbt; it is necessary <» 
admit tbat it also fills the pores of such bodies. If this lamin* is 
ether did not prevail throughout the whole extent of the atmosphere, 
the light of the stars could not reach our eyes. If it did not exist 
in water, glass, precious stones, and all transparent substances, these 
bodies could not be penetrable by light as they are ; in fine, if it did 
not exist in the humours of the eye, light could not affect this organ, 
and the undulations could not reach the membrane of the retina. 

1227. Effects' ascribed to its varying density, — But although this 
luminous ether is thus assumed to be omnipresent, it does not every- 
where prevail with the same density. It is probable that its density 
in the celestial spaces which intervene between planet and planet is 
the same which it has under the exhausted receiver of an air-pumfL 
or above the mercurial column in a barometer. 

But its density in transparent media must be different, because to 
explain the phenomena of light passing through them it is necessary 
to suppose that the undulations change their magnitude, a supposition 
which is only compatible with a change in the elasticity of the ether. 
We shall see further, that in some transparent bodies existing in a 
crystallized state it is necessary to suppose also that the density of the 
ether in different directions in the same medium varies. 

If this universal ether were for a moment in a state of perfect re- 
pose, the universe would be in absolute darkness; but the moment 
its equilibrium is disturbed, and that an undulation or vibration is 
imparted to it, that instant light is created, and is propagated indefi- 
nitely on all sides, as, in an atmosphere perfectly tranquil, the vibra- 
tions of a musical string or the sound of a blow is propagated to a 
distance in all directions according to determinate laws. 

Light itself must not, however, be confounded with the ether which 
is the medium of its propagation. Light is no more identical with 
the hypothetical ether than sound is identical with air. The ether, 
in the one case, and the air in the other, are merely the media by 
which the systems of undulations which constitute the real sense of 
light and sound are propagated. 

1228. Analogy of light and sound, — In considering the analogy 
between light and sound, however, there is an important distinction 
which must not escape notice. Sound is propagated, not only by un- 
dulations transmitted through the air, but also by undulations tran»- 
mitted through other fluids as well as solids, as has been already ex- 
plained. Light, however, according to the undulatory theory, is 
transmitted. only by the undulations of the luminous ether. Light, 
therefore, does not pass through a transparent body, such as glass, in 
the same manner as sound is transmitted through the same body. Tbe 
undulations by which sound is propagated through the lur would be 
imparted to glass itself, which will continue them and transmit them 
to another portion of air^ and thence to the ear; but when the undu- 
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lations of light are transmitted through glass or any other transpsurent 
medium^ they must be supposed to be propagated, not by the vibra- 
tion of the glass itself; but by the vibration of the subtle ether which 
pervades its pores. 

1229. The undulatory theory affords a more complete explanation 
of the pJienomena. — These two celebrated theories have, as has been 
already stated, dilAded the scientific world for ages; nevertheless, 
many of the more recent optical discoveries having failed to obtain a 
satisfactory explanation by means of the corpuscmar hypothesis, the 
other theory has now obtained much more general, if not universal 
acceptation. We shall therefore, in the succeeding chapters, where it 
is necessary to use the language of theory, adopt that of the undu- 
latory hypothesis. 

All the general principles connected with the theory of undulations, 
as explained in Book YII., will be applicable to the undulations im- 
parted to the luminous ether in this case. 

Thus, the velocity with which such undulations are propagated is 
the velocity of light, the breadth of the waves determine the colours 
of the light, and the height of the waves its intensity. Thus the 
undulations with which red light is propagated are broader than those 
by which violet light is produced, and the same of the other colours. 



CHAP. XVIII. 

INTERFERENCE AND INFLECTION. 

It has been «hown in Book YII., that in all cases where systems 
of undulation are propagated along the surface of a fluid or through 
an elastic medium, phenomena are produced by the intersection of 
systems of waves, by which, at certain points the undulations obli- 
terate each other. 

Such effects are called interference^ one system of waves being 
said to interfere with another when such reciprocal obliterations take 
place. 

An instructive cla^ of interesting optical phenomena are explained 
upon this principle. 

1230. Fresn^Vs experiments exhibiting the effects of the inter^ 
ference of light. — In order to exhibit the phenomena of the inter- 
ference of light in such a manner as to develop the laws which govern 
it, and to supply numerical estimates of the data and constants of the 
undulatory theory, it is necessary to contrive means by which two 
pencils of light; whether homogeneous or compound, of the same in- 
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tencdiy, shall intersect each other at a very obliqne angle uid at a 
considerable distance from their foci. Fresnel, to whose experimental 
researches in this department of physics science is largely indebted, 
accomplished this object by reflection and refraction in the following 
manner. 

1. ^y reflection. — Let mo, m' Cyjig, 393., be two plane re- 
flectors inclined to eafh other at a very 
obtuse angle. Let F be a focus of light 
produced by transmitting the light 
through a converging lens of short 
focus, or by reflecting it from a concave 
speculum. The rays diverging from F 
are received upon the two plane re- 
flectors M c and m' 0. An image of F 
will be formed by the reflector M c at 
P just as far behind the plane of M c as 
F is before it; and, in like manner, 
another image of F will be produced 
by the reflector m' o at p' just as far 
behind the plane of m' o as F is before 
it. It follows, therefore, that those 
rays which proceed from F and are in- 
cident upon M will after reflection 
diverge as if they had originally proceeded from P, and those rays 
which are incident upon m' will after reflection diverge as if they 
had originally proceeded from p^. Therefore the pencils after reflec- 
tion will be optically equivalent to two pencils radiating from p and p^. 
Thus we shall have a single pencil radiating from the point F con- 
verted into two pencils intersecting each other at a very oblique angle, 
and proceeding from the distant foci P and p'. 

2. By refraction. — Let A b o. Jig, 394., 
be a prism, with a very obtuse angle at b, 
and let F be a radiant point prefaced as 
before by a converging lens or concave re- 
flector. The rays diverging from F, and in- 
cident on the surface A B, will be refracted 
as if they proceeded from f'; and, in like 
manner, the rays proceeding from F and in- 
cident upon B will be refracted as if they 
proceeded from f". Thus we shall have 
two pencils, as before, the rays of which will 
intersect each other obliquely at the points 
i^ these pencils consisting of light of the 
same quality and intensity. 

1231. Phenomena of interference exhib- 
ited in the case of homogeneous light. — If 
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two peBdlfl of homogeneous ligbt thus obtained be made to diverge 
from two points F and f', Jig, 395., and if the rays of these pencils 
intersect at very oblique angles below the line A B, which is drawn 
parallel to the line F f', which joins the foci of the two pencils^ the 
following effects will ensue : — 

If a line o o o be drawn from the middle point of F f' perpendicular 
to it, any point on this line o o will be illuminated ; in fact, an illu- 
minated line will be formed from o to o, as indicated by the dotted 
line in the figure. On either side of this illuminated line o o will be 
found a dark curved line 1 1 and 1' 1', so that any object held in 
either of these lines would be deprived of light Outside these two 

dark curved lines will be found two 
other curved lines, 2 2 and 2' 2', 
which will be lines of light, so that 
any object held at any point of either 
of them will be illuminated. Beyond 
this again will be found two other dark 
curved lines, 3 3 and 3' 3', so that 
any object held in them will be in 
shadow or darkness; beyond these 
agsun will be two curved lines of light, 
as before, 4 4 and 4' 4', so that any 
object held in either of these will be 
illuminated. Thus there succeed each 
other a series of curved lines of light 
and darkness, the light lines having 
the colour and qualities of the light of 
the two pencils. The series of the illuminated curves of light and 
darkness at each side of the central line o o are symmetrically ar- 
ranged, those on the one side having corresponding forms, positions, 
and distances to those on the other side. 

The curves formed by these light and dark lines are those known 
in geometry as the species of conic section called the hyperbola, the 
points F and f' being their common foci. 

Now, it is a well-known property of this curve that the difference 
between the distances of every point in it from the two foci is the same. 
Thus, if lines be drawn from F and f' to any point in any one of these 
curves, their difference will be the same as that of lines drawn from 
F and f' to any other point in the same curve. 

Thus, for example, if P and p be two points upon the curve 4 4, 
then the differences between the distances of P and P from f and f' 
will be equal ; and, in like manner, if p^ and p' be two points on the 
curve 4' 4', the differences between their distances from f and f' will 
be equal 

t2 
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It will presendj bo seen ^hat this property gives rifle to important 
eonsequences. » 

If an opaque screen be interposed between the line A b and either 
of the foci, f' for example, all these carves of bright and dark lines 
vanish, and there is a uniform illumination produced throughout the 
space below the line A b. This illumination, however, will be found 
to have only half the intensity of the bright curves which were pre- 
viously formed. 

Now, since by the interposition of the screen no light has been dif- 
fused below the line a b which was not there before, but, on the con- 
trary, all the light proceeding from the focus f', which was there 
before, is now excluded, it follows that the effect of the rays which, 
proceeding from the focus F^ intersect those proceeding from the focus 
F, is to deprive the spaces marked by the dark curves 11, 3 3, 1' 1', 
and 3' 3' of light, and to increase in a two-fold proportion the light in 
the spaces marked o o, 2 2, 4 4, 2' 2', and 4' 4'. 

Thus it appears, that at the intersections of the rays proceeding 
from F and f', which take place upon the dark curves, the one light 
extinguishes the other; and that at the intersections which take place 
upon the bright curves, the lights add their mutual intensities, and an 
intensity is produced equal to their sum ; for since they are equal to 
each other, this intensity is double the intensity of either. 

Now it will be evident, by reference to what has been established 
in Book YII. relating to undulations, that this hct is merely a con- 
sequence of the interference of the waves of light. The foci f and i^ 
may be considered as the centres round which two systems of lumin- 
ous undulations are propagated. These systems, encountering each 
other, intersect below the line A B. At those points where the waves 
meet under corresponding phases, that is to say, where the crest of 
one wave coincides with Qie crest of another, or the depression of one 
with the depression of another, they produce waves of double the 
height or double the depression of either. But at those points where 
they meet under contrary phases, that is, where the crest of one wave 
coincides with the depression of the other, or vice versd, then the 
waves obliterate each other, and no undulation takes place at such 
point. In the former case, the light at the point of intersection has 
double the intensity which it would have if the light from one focus 
alone was received; in the other case, the lights extinguish each 
other, and there is darkness. 

Now it will be easy to show, that the bright curves indicated by 
the dotted lines in the figure correspond to points where the systems 
of waves intersect under the first condition above mentioned, and that 
the dark curves correspond to those points where they intersect under 
ihe second condition. 
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The middle line o o, which is a line of light, is at all its points 
equally distant from p and f'. Thus two lines F o and p' o drawn 
from the focus to the same point in it are always equal ; consequently 
the undulations which meet at any point such as o on this line, must 
necessarily meet under similar phases; for since the waves are of 
equal lengths, and since the distance F o is equal to the distance f' o, 
the same number of waves and parts of a wave must occupy the two 
distances, and consequently the waves must arrive at o under corre- 
|sponding phases. 

The distance of any point of the first dark curve 1 1 from the focus 
f' exceeds its distance from the focus F by half an undulation. If, 
therefore, the crest of a wave proceeding from p' arrive at any point 
on this curve, the depression of a wave proceeding from p must arrive 
at the same* point at the same time ; and the same will be true of all 
points in the dark curve 1 1. .The same observation will also be ap- 
plicable to the curve V 1', only that in this case the distance of any 
point from F exceeds its distance from p' by half an undulation. 

Thus it appears that the waves propagated from the centres F and 
f' always intersect on the dark curves 1 1 and 1' 1' under contrary 
phases, and consequently obliterate each other's effects and produce 
darkness. 

The distance of any point in the bright curve 2 2 from f' exceeds 
the distance of the same point from P by the length of a complete 
undulation ; consequently, if the crest of a wave proceeding from p' 
arrive at any point in such line, the crest of the preceding wave pro- 
ceeding from p must arrive at it at the same time ; and the same will 
be true for every point, so that throughout this bright line 2 2 the 
intersecting waves increase each other's effect. The same will be true 
of the line 2' 2'. Hence the illumination produced along these two 
bright curves will be equal to the sum of the illuminations proceed- 
ing from the two foci. 

In the same manner, it appears that the distance of any point on 
the dark curve 3 3 from f' exceeds the distance of the same point 
from F by the length of an undulation and a half, and the same con- 
sequences as in the case of the first curve follow^ so that the waves 
intersecting on the dark curves 3 3 and 3' 3', meet under opposite 
phases and obliterate each other. 

It is evident, therefore, that the several hyperbolic curves formed 
by the successive light and dark lines on eiUier side of the central 
bright line o o derive their character from the multiple of only half a 
wave's length, which expresses the difference between the distance of 
their suoeessive points from the two centres of undulation p and f , 
which are the common foci of all the curves ; and this multiple is in 
such case the length of the transverse axis of the hyperbola, of which 
the point o is the centre. 
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The spaces interveniDg between the bright and dark enrves cor- 
respond to points where waves intersect under phases which are neither 
perfectly coincident nor perfectly opposite, and where consequently 
they only partially e&ce each other. Hence the light gradually 
diminishes in these spaces between the bright and the dark curves. 
The difference between the distances of these intermediate points from 
the foci F and f' exceeds a complet-e number of half undulations by a 
quantity which is less than half an undulation. 

1232. How the phenomena of interference are affected by the dif- 
ferent refrangihililies of different homogeneous lights. — In what 
has been here stated, it has been assumed that the light proceeding 
from the points F and f' is homogeneous light. Now there are, as 
has been shown, various species of homogeneous light, differing from 
each other in refran^bility and colour ; and it is necessary to explain 
in what respects each variety of refrangibility and colour affects the 
phenomena of the bright and dark curves just explained. We find 
accordingly, that by causing pencils of homogeneous light of differ- 
ent colours and refrangibifities to intersect as above described, the 
bright and dark curves formed by their interference retain the cha- 
racter of the hyperbola, and that, although their general disposition 
on either side of the central line o o is the same, they are at different 
distances from each other; that is to say, the distance of the first 
bright curve 2 2 from the central line o o, as well as the distance of 
any two corresponding curves from each other, are different for differ- 
ent species of homogeneous light. In general, the more refrangible 
the light is, the nearer are the bright curves to each other. Thus the 
distance between one bright curve and another for violet or blue 
colour is less than the distance between the corresponding bright lines 
for red or orange colour. 

1233. The lengths of the undulations of the different homogeneous 
lights computed from the phenomena of interference. — By an exact 
measurement of the dark and bright hyperbolic curves produced by 
each species of hom8geneous light, aided by their known geometrical 
properties, Fresnel was enabled to deduce from these curves the lengths 
of the undulations of the ether which correspond to each species of 
homogeneous light. .The following are the results of his observations 
und calculations i— y. 
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Colour of homogeneous Light. 



Length of Wave 
in ten-millionth 
Parts of an Inch. 



Number of Undu- 
lations to an Inch. 



Extreme violet 

Mean violet 

Violet bordering on dark blue 

Dark blue 

Dark blue bordering on light blue, 

Light blue 

Light blue bordering on green 

Green 

Green bordering on yellow 

Yellow 

Yellow bordering on orange , 

Orange 

Orange bordering on red 

Red 

Extreme red 



160 
167 
173 
177 
180 
187 
194 
206 
209 
217 
225 
230 
235 
244 
254 



62,500 
59,880 
57,803 
56,497 
55,555 
53,422 
61,546 
48,780 
47,847 
46,083 
44,444 
43,480 
42,559 
40,983 
39,370 



1234. Effects of the interference of compound solar light. — Since 
the distances between the bright and dark curves are diflferent for 
each species of homogeneous light, it follows, that if the light which 
radiates from F and f be white solar light which is composed of all 
the colours of the spectrum, we shall have all the systems of bright 
and dark curves which would be separately produced by each of the 
component parts of the solar lights superposed, and a mixture of 
colours will consequently ensue which will produce rows of fringes, 
the colours of which will be determined by the prismatic tints which 
will be thus mingled together. 

A complete analysis of the combination of colour which would pro- 
duce these fringes in the case of solar light would be extremely (Com- 
plicated. Some idea, however, may be formed of the manner in 
which the combination of colours is produced from fg. 396., in which 
the relative breadths and distances of the light and dark curves prO' 

duced by the three homo- 
geneous lights, red, green, 
and violet, are represented. 
The series of red fringes 
with their alternate dark 
spaces are represented by 
R R, the series of green 
stripes are 

Fig. 396. ^?' a°/l 

stripes by 

be considered, instead of being placed as in the figure one above the 

other, to be superposed, the effects which would be produced by a 
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light proceeding from the two foci F and f' composed of these three 
colours may be inferred. 

1235. Inflection or diffraction of light, — If the rays of light 
diverging from a focus F,^g. 397., be incident upon an opaque object 
AB, all those rays of the pencil which 
are included within the angle a f b will 
be intercepted, so that a screen held at 
D will receive none of those rays. 

If the lines f a and f b be continued 
to a' and b', they will include upon the 
screen those spaces which would have 
been illuminated by the rays proceeding 
from F, which are intercepted by the 
opaque body ab. All the rays of the 
Fig. 397. pencil included in the angles A F o and 

bfb will proceed uninterruptedly, and 
will Ml upon the screen. If these rays underwent no change of 
direction, they would illuminate those portions of the screen included 
between c and a' and D and b'. There would thus be an exact and 
well-defined shadow of the object A b formed upon the screen at a' b', 
and the remainder of the screen would be illuminated in the same 
manner as it would have been if the opaque body A B had not been 
present 

It is found, however, by experiment, that no such exact and well- 
defined shadow of the opaque object woidcl be formed upon the screen. 
The outline of the space which would limit an exact and geometri- 
cal shadow of A B being determined, it is found that within this space 
light will enter, and that outside this space the illumination is not 
the same as it would have been if the object A B had not been inter- 
posed. 

from this it is inferred that the rays of light which pass the edge 
A B of the opaque object do not proceed in the same straight lines 
A A' and B b', in which they would have proceeded if the opaque 
object were not present. In a word, the appearance of the edge of 
the shadow is not a well-defined line separating the illuminated from 
the dark part of the screen, but a line of gradually decreasing bril- 
liancy from the illuminated part of the screen to that in which the 
shadow becomes decided. 

This effect produced by the edges of an opaque body upon the light 
passing in contact with them, by which the rays are bent out of their 
course either inwards or outwards, is called inflection or diffraction. 

This phenomenon is a consequence of the general property of 
undulation explained in the Theory of Undulation (see Handbook of 
Sound, 810, 811, and 812). When the system of waves propagated 
round f as a centre encounters the obstacles A B, subsidiary systems 
of undulation will be formed round A and b respectively as centres. 
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Fig. 398. 



and will be propagated from those points independently of and simul- 
taneously with the original system of waves whose centre is F, and 
which will also proceed towards a' and D b'. In a certain space 
^ round the lines A A' and B b', along which the rays grazing 

the edge of the opaque body would have proceeded^ the 
two systems of undulation will intersect each other and 
produce the phenomena of interference. 

1236. Combined effects of inflection and interference.— 
If the opaque body a b be very small, and the distance of 
the focus F from it be considerable, the two pencils formed 
by inflection, of which A and B are the foci, will intersect 
each other as represented in^. 398., and in this case all 
the phenomena of interference already described in 1231. 
will ensue. Thus, if the light be homogeneous, a bright 
line of light will be formed under the centre of the opaque 
object A b, outside which will be dark lines, and then 
bright and dark lines alternately. If the arrangment of 
these lines be examined, they will be found to be hyper- 
bolic, as exhibited in^^. 395., and to vary in their rela- 
tive distance with the quality of the light which radiates 
from the focus F. If the light radiating from such focus 
be compound solar light, then a series of coloured fringes will be 
formed, as already explained. 

1237. Examples of the effects of inflection and interference. — The 
variety of optical phenomena produced by light passing the edges of 
small opaque objects, or small openings made in opaque plates, is in- 
finite. The principles, however, on which all these appearances are 
explained, are the same. 

The following experiments form exanaples of the variety of which 
these phenomena are susceptible. 

I. If a Amall sphere formed of any opaque substance be suspended 
in a dark room, and'a pencil of homogenous light be allowed to fall 
upon it, ao that its shadow may be received upon a screen, it will be 
found that a bright spot will appear in the middle of the shadow, out- 
side which will be a dark circle, beyond which there will be a bright 
circle, and beyond that a dark circle, and so on, the circles correspond- 
ing successively to the interference of the rays, by which their bril- 
liancy is either doubled or extinguished, and the colour of the bright 
circles corresponding to that of the light. 

If the light which falls on the sphere in this case be compound 
solar light, the central spot on the screen will be white, and will be 
surrounded by a series of coloured fringes, produced by the super- 
position of the coloured rings which would be produced separately by 
each compound of the solar light. 

II. If a fine wire or sewing-needle be held close to one eye. the 
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other being closed, and be looked at bo as to be projected upon the 
Hght of a window, or a white screen, several needles will be seen. 

III. If the eye be directed in a dark room to a narrow slit in the 
window-shutter by which light is admitted, several slits will be seen 
separated by dark bands. 

lY. If a piece of card having a narrow incision made in it, be held 
between the eye and a candle, a series of slits will be seen parallel to 
each other, exhibiting the colours of the spectrum. The same ap- 
pearance mMT be produced with increased effect by looking through 
^ the slit attue sun-ljjg^t a^itted through an opening in the window- 

\J^ shutter. ^^i^^^'id^^^vhL 

1238. Phenomena of interference of light reflected and refracted 
by thin transparent lamimB, — ^It has been already shown that when 
light passes from any transparent medium to another of different 
density, a part of it is reflected from their common surface, and a part 
only transmitted. Thus, when light passing through air is incident 
upon the surface of glass, a certain part of it is reflected from such 
surface, but the greater part enters it. When that portion which 
penetrates the glass arrives at the second surface, which separates the 
glass from the air, on the other side a like effect ensues, a portion of 
the light is reflected from the second surface, the greater part, however, 
penetrating it, and passing into the air. There are, therefore, two 
systems of reflected rays, one reflected from the first surface of the 
glass, and the other by the second surface. 

The first system of reflected rays is thrown back immediately into 
the air ; the second system is thrown back into the glass, and must 
pass through the first surface of the glass before it returns into the 
air. 

If the two surfaces which thus successively reflect a portion of the 
light which passes through the transparent medium be very close to- 
gether, and if they be not precisely parallel, the reflected rays wiU 
intersect each other, and produce the phenomeniTof interference. 

1239. Iridescence of fsh^scaleSf soap-bubbles, mother^fpearl^ 
fealherSf Sfc. explained, — Hence arise the curious and beautiful ap- 
pearances of iridescence which are observable whenever transparent 
substances are exhibited in sufficiently thin plates or laminss, the pris- 
matic colours observable in the scales of fishes, in spirit of wine spread 
in thin films on dark surfaces, in oil thinly diffused over the sur&oe 
of water, and the thin laminae of crystals and soap-bubbles, and bub- 
bles of glass blown to extreme tenuity, in the laminas of mother-of- 
pearl, and in the wings of insects and feathers of birds. 

1240. Newton* s experimental illustration of the physical laws of 
such phenomena, — In these and similar cases, the forms and thinness 
jf the various laminas being irregular, the iridescence affords no indi- 
cations of general laws. Newton, however, by a series of beautiful 
experiments, reduced these phenomena to a form in which he was 
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enabled to determine their laws, and by which they have since been 
shown in a rigorous manner to be consequences of the principle of 
interference. 

Newton placed a flat plate of glass, d e,^. 399., of uniform thin- 
ness, upon a convex lens A o B, of a very slight degree of convexity, 




Fig. 399. 

BO that the surface of the two glasses should be separated by exceed- 
ingly minute spaces, even at considerable distances from the point of 
contact 0. By this expedient a plano-concave lens of air of extreme 
thinness was formed by the two glasses. 

Let us now suppose homogeneous light to fall upon the surface 
j> £. The appearance will be that of a dark spot in the centre c, 
surrounded by a bright ring, outside which is a dark ring, followed 
by a bright ring, and so on, a series of bright and dark rings being 
formed round the central black spot. 

If homogeneous light of different colours be successively thrown 
upon the glass, a system of rings, such as here described, will in each 
case be produced ; but. their diameters will be different, the rings 
being closer together for the more refrangible than for the less refran- 
gible lights. If compound solar light be allowed to fall upon the 
glass, a series of rings will be formed of colours which would be pro- 
duced by the superposition of all the systems of rings which are sepa- 
rately formed by the various homogeneous lights which form the 
compound solar light. 

1241. J^ewton^s coloured rings explained by interference. — These 
phenomena, wjjiich were explained by Newton upon an hypothesis 
called by him the theory of jits, of easy reflection and transmission, 
are easily explicable upon the principle of interference. 

When homogeneous light falls upon the glass, a portion of it is 
reflected from the under surface of the plate D E, which separates the 
glass from the thin plano-concave lens of air. Another portion is 
reflected after passing through the air from the convex surface of the 
glass. These two systems of rays being reflected from surfaces not 
precisely parallel, intersect each other, and alternately destroy or 
increase each other's effect, according as the waves of light meet under 
the same or different phases. The dark rings comprehend the inter- 
sections under different phases, and the light rings the intersections 
under the same phases. 

The thinness of the lens of air at the successive dark and bright 
rings respectively determine the difference between the lengths of the 
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intersecting rays measured from their origin to either point of inter- 
section, and t^us show where the point of intersection comprehends 
the waves meeting under the same or under different phases. The 
measurement of thb thinness, accordingly, at the bright and dark 
rings, is found to be in entire accordance with the calculations already 
made, and explained in the table of the length of the waves of homo- 
geneous light of different colours. 



CHAP. xvni. 

DOUBLE REFRACTION. 

1242. Transparent media resolved into two classes, — Transparent 
substances consist of two classes, which present optical phenomena 
depending on certain physical properties inherent in the constitution 
of each class of media respectively. 

The phenomena, both optical and physical, suggest in the first class 
the supposition that they consist of molecules which are uniform in 
their form and reciprocal effects, so that the forces which they exercise 
one upon the other are the same in every direction. To this class 
belong every species of seriform fluid, all liquids, and certain trans- 
parent solids, such as glass, when properly anneaied. 

1243. Single refracting media, — In all these substances the con- 
stituent molecules appear to be so arranged, that we might conceive 
them to be spherules of matter, from the centres of which forces 
emanate which are equal in every direction. 

1244. Double refracting media, — ^The second class of substances, 
which includes crystallized minerals, generally exhibits phenomena 
which lead to the supposition that their constituent molecules are not 
spherules, or, at least, that they do not exercise like forgBS in all direc- 
tions round their centres. The phenomenon of crystallization, ex- 
plained in the Handbook of Mechanics, sections 60-66., itself suggests 
this supposition ; for when a substance passes from the liquid to the 
solid state, and undergoes the process of crystallization, the particles 
affect a particular arrangement with reference to one another, so as to 
present themselves towards each other in certain directions, as if they 
had sides which mutually attracted or repelled each other. 

1245. Ejects of an uncrystallized medium on light, — To render 
more clearly intelligible the effects produced by crystallized substances 
on light transmitted through them, we shall first briefly recapitulate 
the effects produced on rays of light by an ordinary transparent un^ 
crystallized medium, such as air, water, or glass. 

Le^ us suppose such a substance reduced to the form of a spheroi 
which, if it be gas or liquid, may be done by enclosing it in a thin 
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globe of glass; and if it be a solid^ it may be reduced to the spheri- 
cal form in the lathe. 

Let s N Q gy fig, 400., represent 
a section of this transparent sphere, 
and E P Q o another section at right 
angles to it. 

Let z N and I n represent two 
rays of homogeneous light incident 
at N, one in a direction which, be- 
ing continued, would pass through 
the centre o of the sphere, and the 
other, I N, in a direction oblique to 
the former. 

If the sphere be composed of 
non-crystaRized transparent matter, 
the ray z N will pass through it, 
pursuing the original direction, and 
consequently, after passing the cen- 
tre 0, will emerge from the lowest 
point 8 in the direction SY, so 
that its course shall be in no wise 
1^ changed by the transparent medium 

1^ through which it has passed; but 

Fig. 400. the ray i N, which falls obliquely 

at the point n, will, according to the law of refraction already ex- 
plained, be deflected from its course towards the diameter N c s, and 
will follow a direction such as n R, which makes an angle with n s 
less than that which i N makes, with n z. 

The laws which govern in this case the refracted ray are as fol- 
lows : — 

1. If the incident ray be perpendicular to the surface at the point 
of incidence, its direction will not be changed* in passing through the 
transparent medium. 

2. If the incident ray form an angle, such as i N z, with the per- 
pendicular N z at the point of incidence, then the refracted ray N R 
will form an angle with the same perpendicular n z, or with its pro- 
duction N 8, the plane of which will coincide with the plane of the 
angle of incidence z n I. 

3. If the angle of incidence i n z be varied, the angle of refrac- 
tion R N 8 will be also varied, but in such a manner that the ratio of 
the sine of the angle of incidence l n z to that of the angle of refrac- 
tion R N s shall always be the same, so long as the transparent me- 
dium into which the ray passes is the same. 

4. If while the incident rays z n and I N preserve their position, 
the sphere be turned round its centre c, so as to bring successively 
every part of its surface to coincide with the point of incidence n. the 
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refracted ray N R will still maintain the same direction and position, 
and the ray z N will still pass through the centre of the sphere o, no 
matter what position may be given to the sphere^ so long as the po- 
sition of its centre c remain unchanged. 

Thus the direction and position of the incident rays i N and z N, 
and of the refracted rays N B and N s, will remain fixed, although the 
transparent sphere which they penetrate may be chan^d in an infi- 
nite variety of ways, so as to bring all its points in succession to coin- 
cide with the point of incidence N of the rays. 

Such are the phenomena ^hich are produced when the rays i N and 
Z N are incident upon a sphere composed of uncrystallized transparent 
substance. The same phenomena will always prevail in the case even 
of certain crystallized substances ; but in the case of other crystal- 
lized media, different and far more complicated phenomena are 
developed, which we shall now proceed to explain. 

1246. Effects of certain media on 
light — Let a sphere be formed of 
one of the class of crystals of which 
Iceland spar or the crystallized car- 
bonate of lime is a specimen, and let 
this sphere be submitted to the same 
experiments as have been described 
in the former case. When the rays i N 
and z N, fig, 401., penetrate the 
sphere at n, they will each of them be 
resolved into two rays, one of which, 
in the figure, is indicated by the uni- 
form line, and the other by the dotted 
line. The rays indicated by the uni- 
form lines N s and N R, will conform 
to the laws of refraction which prevail 
in uncrystallized media; that is to 
say, the ray N s will pass through the 
centre of the sphere c, preserving the 
direction of the incident ray z N, 
which strikes the surface of the 
sphere at n in a perpendicular direc- 
tion, and the ray n R will be in the plane of the angle of incidence i N z. 
Also, if the ray i n be made to fall at n, so as to form any other angle 
of incidence, the ray N R will vary its inclination to the perpendicular 
N s, in conformity with the law of refraction, which establishes a con- 
stant ratio between the sines of the angles of incidence and refraction. 
But none of these characters are found to attend the other rays 
K s' and N R', into which the original incident rays are resolved by 
the crystal. 

The ray N s', although proceeding from the ray z N, which is ind- 
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dent perpendicularly at the point N, does not penetrate the medium 
in the same direction, but makes a certain angle s' N s with the per- 
pendicular. Thus, in the case of this ray there is an acute angle of 
refraction corresponding to perpendicular incidence. In the case of 
the ray N r' it is found that it deviates on the one side or the other 
of the plane of the angle of incidence i n z, and thus this ray violates 
that general law of common refraction which declares that the plane 
of the angle of refraction coincides with the plane of the angle of in- 
cidence. 

If the angle formed by the incident ray i N with the perpendicular 
Z N be varied, the angle which the refracted ray N r' makes with the 
perpendicular N s will be also varied, but not according to the law of r 
sines which prevails in the case of ordinary refraction. \ 

1247. The ordinary and extraordinary rays, — Thus it appeawr 
that in such crystallized media the incident ray is resolved into two 
rays, one of which conforms to the laws of common refraction, and 
the other violates them, and is regulated by other and different con- 
ditions. The two rays into which the incident ray is thus resolved 
are called the ordinary and extraordinary rays ; that which conforms 
to the laws of common refraction t>eing called the ordinary, and that 
which violates them the exiraordinary ray. 

If the sphere be now supposed to be moved, as before, round its 
centre o, so as to bring successively all the points of its surface to 
coincide with the point of incidence N, it will be found i!hat the ordi- 
nary rays n s and n r will preserve their direction and position fixed 
in all positions which the sphere shall assume ; but that the direction 
and position of the extraordinary rays N s' and N r' will vary with 
every change of position of the sphere. They will sometimes ap- 
proach to, and sometimes recede from the ordinary rays ; and they 
will sometimes deviate on one side, and sometimes on the other, of 
the plane of the angle of incidence ; but in all cases there will be a 
maximum deviation from the ordinary ray, which will not be exceeded. 

1248. The axis of double refraction. — By varying the position 
of the sphere so as to bring the various points of its surface to coin- 
cide with the point of incidence N, a point will be found upon it at 
which the extraordinary ray N s' will coincide with the ordinary ray 
M s. As this point approaches the point N, the angle s' N s under 
the ordinary and extraordinary ray will be observed continually to 
didainish ; an effect which will indicate the change of position neces- 
sary to bring th^ desired point to coincide with the point of in- 
cidence N. 

This point of the sphere then possesses a distinctive character, in • 
virtue of which the incident ray z N is not, as at all other points, re- 
solved into two rays, but passes through the sphere in the direction 
N c 8, exactly as it would pass through a sphere composed of an un- 
crystallized substance. 
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The diameter of the sphere which possesses this property is ealled 
its optical axis, or the axis of double refraction, being the only line 
in the sphere along which a ray of ordinary li|^t oan pass withont 
being decomposed into two. 

1249. Laws of double refraction. — Having thus determined this 
optical axis of the sphere, let us next examine the conditions which 
aflfect a ray of light, such as I N, which £ills obliquely at the extremity 
of such optical axis. 

Let JiOSyJig. 402., be the optical axis of the sphere. The ray 

Z N will then, as has just been ex- 
plained, pass through the centre 
to the point s, without double re- 
fraction, as it would through an 
ordinary medium. The ray i N, 
which falls obliquely at N, will, 
however, be doubly refracted, and 
will be resolved into the ordinary 
ray n r, and the extraordinary ray 
N r'. But this extraordinary ray 
N r' will, in this case, conform to 
one of the laws of ordinary refrac* 
tion, for it will invariably lie in the 
pkne of the angle of incidence 
I N z ; and so long as the angle of 
incidence shall not be varied, the 
direction of this extraordinary ray 
will remain the same. This may 
Fig. 402. \^ proved by causing the sphere to 

revolve round the axis N s. While it so revolves, the extraordinary 
ray N r' will remain fixed in its direction, being always in the plane 
of the angle of incidence, and forming always the same angle of re- 
fraction with the axis N s. 

If the incident ray i N be varied in its inclination, so as to form, as 
before, a greater angle with z N, the extraordinary ray N r' will also 
vary its inclination to the axis N s and to the ordinary ray N R. But, 
although it will remain during such variation always in the plane of 
the angle of incidence, it will not conform to the invariable ratio of 
sines which constitutes the law of ordinary refraction. 

If we suppose the incident ray i n gradually to approach z N, so 
that the angle of incidence continually diminishes, then the two rays 
N R and N R' will at the same time approach the axis N s and each 
pther; and when the incident ray coincides with z N, the ordinary and 
extraordinary rays N R and N r' will coalesce with the axis N s. 

As, on the other hand, the inclination of the ray i N to z N is gra- 
dually increased, the ordinary and extraordinary rays N R and N R^ 
will also gradually recede from the axis N 8, so that their angles of 
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refraction will continually increase, and they will also recede from each 
other. 

1250. Positive and negative crystals, — In the case represented 
in the figure, the angle of refraction of the extraordinary ray n b' is 
greater than that of the ordinary ray n R, so that the latter is more 
deflected by the refraction of the crystal than the former. This, how« 
ever, is not always the case. 

In some crystals the angle of refraction of the extraordinary rays 
is less than that of the ordinary ray, and, consequently, the former is 
more deflected towards the perpendicular than the latter. 

Crystals are accordingly resolved into two classes, based upon this 
distinction ; those in which the extraordinary ray is less deflected than 
the ordinary ray being called negative crystals, and those in which it 
is more deflected positive crystals. 

It is evident that in the former case the index of ordinary refraction 
is greater, and in the latter less than the index of extraordinary re- 
fraction. 

It must be observed, that while the incident ray varies its obliquity 
to z N, increasing gradually from to 90^, and while the index of 
ordinary refraction throughout this variation remains constant, the 
index of extraordinary refraction varies with every change of ob- 
liquity. In the case of positive crystals this index increases, in the 
case of negative crystals it diminishes, with the angle of incidence; 
while, in all, it is equal to the index of ordinary refraction when the 
ray of i N coincides with z n. It increases and becomes a maximum 
when I N is at right angles to z n in positive crystals, it diminishes 
and becomes a minimum when i N is at right angles to z N in negative 
crystals. 

1251. AH lines parallel to the axis of double refraction are them' 
selves axes of double refraction. — It is easy to show that all lines 
passing through the crystal which are parallel to the line N s possess 
also the property which characterizes such axis ; that is to say, a ray 
which is incident perpendicularly in the direction of such lines will 
penetrate the crystal without double refraction. This we may prove 
by cutting a portion of the crystal in a direction perpendicular to the 
line N s. 

Thus, at the point p, let a surface p p^ he formed, which shall be 
perpendicular to N s. Then a ray z n, falling perpendicularly on such 
surface p j/ will penetrate the crystal in the direction n i? without 
double refraction. 

1252. Jlxis of double refraction coincides with crystdllographic 
axis, — Thus it appears that the lines passing through the crystal paral- 
lel to N s are axes of double refraction as well as the line N s. On 
comparing the direction of the line N s with the direction of the plane? 
of cleavage of the crystal, it is found that this line has a direction 
which is symmetrical with respect to all these planes, and that it is 
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in fact the direction of tlie crystallographic axis ; tbat is to say, a line 
the direction of which bears the same relation to all the fisu^es of the 
crystal. 

1253. Case of Iceland spar, — Thus in the case of Iceland spar^ 
the primitive form of whose molecules is thai of such a rhomboid as 

is represented in Jig. 403., the crystallographic axis 
is the diagonal A x joining t^e obtuse angles of the 
rhomb. The rhomb itself is a solid bounded by six 
equal and similar parallelograms, whose obtuse angles 
BAG and D B are each 101^ 55', and whose acute 
angles A b c and a o d are accordingly each 78^ 5'. 
p' ^^ The inclination of the faces of the rhomb, which 

meet at A, to each other is 105^ 5', consequently the 
inclination of those which meet at b is 74^ 55'. The crystallographic 
axis A X is equally inclined, not only to the three faces of the rhomb, 
which meet at A and x respectively, but also to its three edges. The 
angles which this axis makes with the three edges of the rhomb form- 
ing the angle A are equal to each other, their common magnitude 
being 66^ 44' 46". 

It is evident from this measurement, that the line A X is symme- 
trically placed with respect to all the elements which determine the 
primitive form of the crystal, and we thus find accordingly a 
distinct relation established between the optical and mineralogical 
characters of this substance, so that whenever the direction of its 
crystallographic axis is required to be ascertained, it can be done with- 
out any mechanical experiment or measurement, by merely determin- 
ing that direction in which a ray of light incident perpendicularly on 
A surface of the crystal will pass through it without double refraction. 
What has been here stated with regard to Iceland spar will, mu- 
Otis mutandisj be applicable to a numerous class of crystallized sub- 
iitances, which are distinguished by the denomination of crystals having 
\ single axis of double refracti(^p. 

In all such crystals the crystallographic axis coincides with the 
optical axis. 

1254. General description of the phenomena of double refraction 
in uni-axial crystals, — In attempting to explain the complicated phe- 
nomena of double refraction and other effects related to them, much 
convenience and clearness will be obtained by the adopdo]^ of a 
nomenclature indicating the position of the axis of double reti-action 
in certain sections of the crystal analogous to the well-known circles 
used in geography and astronomy for expressing the relative position 
of points on the earth and in the heavens. We shall therefore call 
the extremities of the axis n and 8 the poles of the crystal, and a 
section of the crystal E p Q o, fg, 402., intersecting this axis at right 
angles the equator. We shall also call all sections of the crystal made 
oy planes pacing through the axis me^dians, 
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These tenns being understood, it will follow that whenever the plane 
of the angle of incidence coincides with the plane of a meridian, the 
angles of refraction, both of the extraordinary and ordinary rays, will 
be in the plane of the same meridian ; but the ratio of the sine of 
the angle of incidence to the sine of the angle of extraordinary refrac- 
tion will not in this case be constant. 

If the plane of the angle of incidence intersect the crystal at right 
angles to the optical axis n s, and be consequently parallel to the line 
coincident with the plane of the equator, the angle of extraordinary 
refraction will have its plane coincident with that of the angle of in- 
cidence, thus fulfilling one of the laws of ordinary refraction, as is the 
case when the plane of the angle of incidence coincides with the plane 
of a meridian. But in this case the second law of refraction, which 
establishes a constant ratio between the sines of the angles of incidence 
and refraction, is also fulfilled by the extraordinary ray, so that when 
the angle of incidence coincides with, or is parallel to, the plane of 
the equator, the extraordinary refraction fulfils all the conditions of 
ordinary refraction, although the extraordinary ray does not coincide 
with the ordinary ray ; the constant index of refraction of the one being 
greater or less than the constant index of refraction of the other, ac- 
cording as the crystal is positive or negative. 

There are therefore two systems of planes which intersect crystals, 
one system having the ^xia of the crystal as their common line of in- 
tersection, and the other having directions parallel to each other and 
perpendicular to this axis. In the former, one of the laws of ordi- 
nary refraction is fulfilled, and in the latter both of them. In the 
former, the plane of the angle of extraordinary refraction coincides 
with the plane of the angle of incidence, but the ratio of the sines is 
not constant ; in the latter, the planes also coincide, and the ratio of 
the sines is constant, but not the same as that of the ordinary ray. 

1255. Table ofuni-axial crystals, — The following is a table, ac- 
cording to Sir David Brewster, of the crystals which have a single 
axis of double refraction, arranged under their respective primitive 
forms; the sign + being prefixed to those which have a positive axis 
of double refraction, and — to those which have a negative axis of 
double refraction. 



Rhomh with obtuu wmmU. 

- Carbonate of lime (Iceland spar). 

- Carbonate of lime and iron. 

- Carbonate of lime and magnesia. 

- Phosphato-arseniate of lead. 

- Carbonate of zino. 

- Nitrate of soda. 

- Phosphate of lead. 

- Ruby silver. 

- Levyne. 

- Tourmaline. 



— Rubellite. 

— Alum stone. 
+ Dioptase. 

+ Quarts. 

Rhomb foith acute tummiL 

— Corundum. 

— Sapphire. 

— Ruby. 

— Cinnabar. 

— Arseniate of copper. 
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Regular hezakedral pritm. 

— Emerald. 

— Beryl. 

— Phosphate of lime (apatite). 

— Nepheline. 

— Arseniate of lead. 

+ Hydrate of magnesia. 

Oetohedron with a square bate, 
+ Zircon. 
+ Oxide of tin. 
+ TuQgstate of lime. 

— Mellite. 

— Molybdate of lead. 

— Octohedrite. 

— Prussiate of potassa. 

— Cyanuret of mercury. 



Riff kt prism vfith a square hoM, 

— Idocrase. 

— Wemerite. 
^- Paranthine. 

— Meionite. 

— Somervillite. 

— Edingtonite. 

— Arseniate of potassa. 

— Sabphosphate of potassa. 

— Phosphate of ammonia and mag- 

nesia. 

— Sulphate of nickel and copper. 

— Hydrate of strontia. 
+ Apophyllite of nton. 
+ Oxahverite. 

4- Superacetate of copper and lime. 

+ Titanite. 

+ Ice (certain crystals). 



M. Pouillet, "ifiltoens de Physique/' tome ii., Paris, 1847, gives 
also the following : — 



— Hydrochlorate of lime. 

— Hydrochlorate of strontia. 
4- Mica de kariat. 

+ Oxide of iron. 
+ Tungstate of zinc. 



+ Stannite. 

+ Boracite. 

+ Sulphate of potassa and iron. 

+ Hydrosulphate of lime. 

+ Red sily^r. 



1256. Crystals having two axes of double refraction. — There is 
another class of crystals which present optical phenomena still more 
complicated. Let us suppose, as before, one of these formed into a 
sphere, and let its various points, as before, be brought to coincide 
with the point of incidence N of two rays, one of which, z N, fg. 
402., is directed to the centre of the sphere, and the other i N form- 
ing any angle with the latter. By bringing the various points of the 
spherical surface to coincide with the point N, it will be found that 
two points, and two only, upon it possess the property of transmitting 
the ray z N, which falls perpendicularly upon the surface, through 
the object without double refraction. The diameters passing through 
these two points have each of them the character of an axis •f double 
refraction ; and the crystals characterized by this property are accord- 
ingly called crystals with two axes of double refraction. 

In this class of crystals it is found that neither of the rays into 
which the incident ray is resolved conforms to the laws of ordinary 
refraction; that both deviate from the plane of the angle of inci- 
dence, and that neither of them fulfils the second law, which deter- 
mines the constant ratio between the sines of incidence and refraction. 

Both rays, therefore, are extraordinary rays. 

There are, however, two planes in which the angle of incidence 
may be placed, in one of which one of the two rays and in the other 
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the other will conform to both the laws of ordiDarj refraction, so that 
in these planes one or other of the two extraordinary rajs becomes 
an ordinary ray. The position of these planes is determined by tho 
foUowing conditions. 

Let N s and v' B'^fig, 404., be the two axes of double refraction. 

Let p p' be a line which divides into 
equal parts the angle N o n' formed 
by these two angles, and let Q q' be 
a line which divides into equal parts 
the other angle n' o s formed by the 
same axis. 

If a plane pass through o perpen- 
dicular to P 0, any ray incident upon 
the crystal in that plane will be re- 
solved into two rays, one of which 
will conform to the laws of ordinary 
refraction ; and if a plane be drawn 
perpendicular to the line qq', any 
ray incident upon the crystal in that 
Fig. 404. plane will be resolved into two, one 

of which will also conform to the laws of ordinary refraction, and 
the ray which thus becomes an ordinary ray in the one plane will 
be different from that which becomes an ordinary ray in the other 
plane. 

1257. Tahh of bi-axial crystals. — The following list of crystals 
having two axes of double refraction, with the magnitude of the angle 
included between such axes, is given by M. Pouillet in the work al- 
ready cited. 




TABLE OF CRYSTALS WITH TWO 4XES. 

Names of Substanoes. AnglM of Axis. 

e I 

Sulphate of nickel (certain samples) 8 

Snlpho-carbonate of lead " " 

Carbonate of strontia 6 56 

Carbonate of baryta ** *< 

Nitrate of potassa 5 20 

Mica (certain samples) 6 

Talc 7 24 

Pearl 11 28 

Hydrate of baryta 13 18 

Mica (certiun samples) 14 

Arragonite 18 18 

Prussiate of potassa < 19 24 

Mica (certain samples) 26 

Cymophane , 27 61 

Anhydrite • 28 7 

Borax 28 42 
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Blica (sereral samples ezamintd by M. Biot)., 



I of SubBtaneei. AoglM of AzMk 

) b 

81 

82 
84 

187 

Apcpbyllite 86 8 

Snlpbate of magnesia 87 24 

Sulphate of baryta 87 40 

Spermaceti (about) 87 42 

Borax (native) 88 48 

Nitrate of ainc 40 

Stilbite 41 42 

Sulpbate of nickel 42 4 

Carbonate of ammonia 48 24 

Sulphate of zinc 44 28 

Anhydrite (examined by M. Blot) 44 21 

Mica ^ 46 

Lepidolite 46 

Benzoate of ammonia 46 8 

Sulphate of soda and magnesia 46 49 

Sulphate of ammonia 49 42 

Brazilian topaz 49 to 60 

Sugar 60 

Sulphate of strontia 60 

Sulpho-hydrochlorate of magnesia and iron ^ 61 16 

Sulphate of magnesia and ammonia 51 22 

Phosphate of soda 65 20 

Comptonite 66 6 

Sulphate of lime 60 

Oxynitrate of silver 62 16 

lolite 62 60 

Feldspar 68 

Aberdeen topaz ^ 66 

Sulphate of potassa 67 

Carbonate of soda , 70 1 

Acetate of lead 70 25 

Citric acid 70 29 

Tartrate of potassa and soda 80 

Carbonate of potassa 80 80 

Cyanite 81 48 

Chlorate of potassa 82 

Epidote 84 19 

Hydrochlorate of copper 84 30 

Peridot 87 66 

/. Succinic acid 90 

/\J Sulphate of iron 90 

/ 1258. Images^ formed hy double refracting crystals, — If a visible 
object be placed behind a doable refracting crystal, the pencil of rays 
proceeding from each point in it will be resolved into two pencils, and 
will emerge from the crystal as if thejr had proceeded from two differ- 
ent objecte in directions corresponding to the respective directionB of 
the two pencils. 
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An ejVf t&erefore, placed before tlie crystal, so as to receive these 
fewierging pencils will see two different images of the object, corre- 
sponding to the two systems of pencils. If the crystal be one having 
a single axis of double refraction, then one of these images will be 
that produced by the pencils consisting of ordinary rays, and the other 
will be that produced by pencils consisting of extraordinary rays. 

1259. Ordinary and extraordinary tmog'e.— The one is called th 
ordinary, the other the extraordinary image. 

Thus^ if Vjjig, 405.^ be such an object, and A b o d be a doubly 

refracting crystal, such as 
Iceland spar, the pencils 
which proceed from p and 
are incident upon the sur- 
face B will be divided into 
two systems of pencils, the 
axis of the ordinary sys- 
tem passing perpendicularly 
through the crystal in the 
direction i o, and emerging 
on the other side in the 
same direction, so as to meet 
file eye at t. The extraordinary pencils will follow the direction i E 
through the crystal, and will emerge parallel to the ordinary pencil 
in the direction £ y', so as to reach the eye at y'. An eye placed 
therefore at any point, in looking towards the crystal, will perceive two 
images of the point p in juxtaposition in the direction of the rays y' e 
and Y o. 

1260. The separation of tJie images dependent on the thickness of 
the crystal, -— It is evident that the thicker the brystal is, the more 
widely separated will be these two images. 
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A crystal of Iceland spar three inches thick will be sufficient to 
produce a distinct separation of the two images of a spherical object 
having a diameter of one-third of an inch. 

If while the object and the eye remain fixed, the crystal be turned 
round the line P y, joining the eye and the object as an axis, the ex- 
traordinary image will appear to revolve round the ordinary image, 
showing that in this case the extraordinary pencil i E revolves round 
the ordinary pencil I o, so as to move in the surface of a cone. This 
effect is in conformity with what has been already explained. 

If, after passing through a crystal A B o D, fig. 406., the rays be 
received by another crystal A a' d' d, whose sides and axes have a 
position similar to those of the first, the two crystals being in contact 
at the surface AD, the ordinary and extraordinary rays will pass 
through the second crystal, following the same direction as those 
which they followed in the first crystal, the lines o' and £ is! being 
the continuation of the lines i o and i E.' 

1261. Case in which two similar crystals neutralize each other. — 
If the two crystals in this case have the same thickness, then the 
effect will be that the rays e' y' and o' Y emerging from the second 
will be separated by a space twice as great as that by which they were 
separated in passing through the first crystal. 

If the second crystal, instead of having been placed upon the first 
crystal so that its corresponding sides shall have the same direction, 
be placed upon it so that they shall have contrary directions, as repre- 
sented in fig, 407., then the second crystal will have the effect of 
causing the reunion of the two pencils separated by the first crystal. 




and the ordinary and extraordinary rays will accordingly emerge from 
the same point o' of the second crystsd in the same direction, so that 
an eye placed at Y will see but one image of the object P. In this 
case the ordinary ray follows the direction p i o o' Y, and the extraor- 
dinary ray foHows Uie direction pi e o' y. Thus, the separation of 
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tlie tays takes place only in passing through the crystals, the rennion 
being established at the point of emergence o' from the second crystal. 

1262. Cases in which /our images dre formed by the combina" 
Hon of two similar crystals, — If we suppose the second crystal, 
A A' d' i>yfig» 406., to be turned round the line Pi o Y as an axis, the 
moment it moves from the position represented in^^. 406., the ordi- 
nary and extraordinary rays i o and i e incident upon it from the first 
crystal wiQ be each doubly refracted, so as to be resolved into four 
rays, and thus an eye placed at T would see four images of the point 
p. As the second crystal is gradually turned round, these four images 
assume a series of different positions with relation to each other, and 
also have different degrees of brilliancy. After the crystal has made 
one half a revolution and assumed the position represented i^fig* 
407., all these four images unite in one. In the position intermediate 
between these two, that is to say, when the second crystal has made 
a quarter of a revolution round the line p i o t, then Uie four images 
will be reduced to two, which, however, will have a different position 
relative to the line A d from that which the images produced in the 
position represented in^^. 406. have. 

1268. Their successive positions. — The successive positions as- 
sumed by the four images during the half revolution of the second 
crystal between the position represented in^^. 406., and that repre- 
sented in f^, 407., are given in fig. 408., where b represents the 
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Fig. 408. 

position, of the images corresponding to Jig. 406., and K to fig, 407.; 
F represents their position when the second crystal has made one- 
fourth of a revolution; c, D, and E represent three successive positions 
of the images in three equally distant stages of the first quarter of a 
revolution; and G, H, and I represent their respective positions in 
three equally distant stages of the second quarter of a revolution. 
The relative brilliancies of the images are indicated by the shading of 
the dots, the dark dots being understood to represent greater brilliancy 
than the shaded ones. 

1264. Position of axes different for different coloured lights in 
biraxial crystals, — In uni-axial crystals the axis has the same posi- 
tion, whatever be the colour of the light, but in bi-axial crystals the 
position of the axes is different for different coloured lights. Sir Jol^i 
Herschel found that in tartrate of potassa and soda (Rochelle salts^, 
their inclination for violet light was 56°, and for red light 76°. In 
60* 713 



244 LIGHT. 

other crystals, such as nitre, their inclination for violet wb$ greater 
than for red, but in all cases the axes for all coloured light in the same 
crystal are in the same plane. Sir David Brewster found that glau- 
berite had two axes, for red light, inclined at an angle of 50^, and 
only one for violet light. The same eminent philosopher found that 
in the case of analcine there were several planes along which there 
was no double refraction, however various the angle of incidence might 
be, so that that substance might be considered as having an infinite 
number of axes of double refraction. 

1265. Doubly refracting structure produced hy artificial pro-* 
cesses, — The property of double refraction may in some cases be im- 
parted by artificial processes to substances which do not naturally 
possess it. If a cylinder of glass be brought to a red heat, and held 
upon a plate of metal until it oecomes cold, it will acquire the doubly 
refracting property, the axis of the cylinder being a single positive 
axis of double refraction. This axis differs, however, from the posi- 
tive axis of crystallization, because in this case it is a single line, 
while in the crystal the lines parallel to it are equally axes of double 
refraction. Sir David Brewster says, that if instead of heating 
the cylinder it had been immersed in a vessel of boiling water, it 
would have acquired the same doubly refracting virtue when the heat 
had reached its axis, but that the property would not be permanent, 
disappearing when the cylinder should become uniformly heated. Also 
if the cylinder were uniformly heated in boiling oil, or at a fire so as 
not to soften the glass, and had been placed in a cold fluid, it would 
acquire a temporary doubly refracting virtue when the cooling had 
reached the axis ; but in this case the axis would be a negative one, 
instead of a positive, as in the former case. 

According to him some other analogous structures may be produced 
by pressure, and by the induration of soft solids, such as animal 
jellies, isinglass, &c. 

If the cylinder in the preceding explanations is not a regular one, 
but have its section perpendicular to the axis, every where an ellipse 
in place of a circle, it will have two axes of double refraction. 

In like manner, if we use rectangular plates of glass instead of 
cylinders, as in the preceding experiment, we shall have plates with 
two planes of double refraction, a positive structure being on one side 
of each plane, and a negative one on the other. 

If we use perfect spheres there will be axes of double refraction 
along every diameter, and consequently an infinite number of them. 

The crystalline lenses of almost all animals, whether they are lenses^ 
spheres, or spheroids, have one or more axes of double refraction. 
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CHAP. XIX. 
POLARIZATION OF LIGHT. 

1266. Characteristic property of polarized lighL — When a ray 
of light, whether natural or artificial, has been submitted, under pecu- 
liar conditions, to reflection or refraction, it is then in a stato in which 
it acquires new properties, and is denominated polarized light ; and 
the process bj which this modification in the ray is efiected is called 
polarization. 

To render the properties by which polarized is distinguished from 
nnpolarized or common light clearly intelligible, let us imagine a ray 
of light admitted into a dark room through a hole in the window- 
shutter, so as to pass in a horizontal direction. Supposing such a ray 
to be cylindrical, let its section, made by a vertical plane^ 
be represented by the circle a c b T>,^g. 409. 

This ray, if it were common or nnpolarized light, 
would be reflected or refracted in exactly the same man- 
ner, and according to the common laws of reflection and 
refraction already explained, on whatever side of it, and 

Fig. 409. ftt whatever an^e with it, the reflecting or refracting 
surface might be presented. 

If, however, the ray be polarized, the eflccts will be diflerent. 

Let a plate of glass be blackened on one side so that when used as 
a reflector no light will be reflected from its posterior surface. Such 
a plate will therefore reflect light only from one surface, which will 
be its anterior surface. This precaution is necessary in the cases now 
to be examined, in order to prevent the effects which would ensue 
from the combination of the rays, which would otherwise be reflected 
from both the anterior and posterior surfaces of the glass. * 

Let such a plate, so prepared, be presented to the polarized ray at 
an angle of incidence of 54^ 35', so that the plate shall make with 
the ray an angle of 35*^ 25'; and let it be turned round the ray, so as 
to be presented on every side of it, still forming, however, the same 
angle with it. During this process, it will be observed that there is 
a certain direction of the plane of the angle of incidence at which no 
reflection will take place ; the ray will be absorbed or extinguished, 
so to speak, by the reflecting surface. The plane of incidence will 
have this direction in two opposite positions of the reflector. 

Let the line D c,Jig. 409., represent this position of the plane of 
incidence : then d and o will be the two opposite sides of the ray, at 
which the reflector being presented will cause the extinction of the 
light. Now as the reflector is carried round from either of these 
positions respectively, so that the plane of the angle of incidence 
Bhall turn round the axis of the ray, reflection will begin to take 
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place, and will increase in intensity until the plane of the angle of 
incidence take a position, such as a b, at right angles to D o, when 
the intensity of the reflection will he a maximum. After passing 
this position, the intensity of the reflection will again diminish, and 
will continue to decrease until the plane of the angle of incidence 
shall again coincide with the diameter D o. 

It is evident, therefore, that diflferent sides of such a ray have dif- 
ferent properties. Thus, the sides A and B have a susceptibility of 
being reflected, of which the sides d and o are deprived ; and the sus* 
ccptibility of reflection diminishes gradually in going round the ray 
from either A or B towards c or D, when it altogether ceases. 

A plane passing through the axis of the ray and coinciding with 
the diameter A B is called the plane of polarisation. 

It is evident, therefore, from what has been explained, that when 
the reflector is so presented to the ray that the plane of the angle of 
incidence shall coincide with the plane of polarization, reflection will 
take place with the greatest intensity, and that when the plane of the 
angle of incidence is at right angles to the plane of polarization, no 
reflection takes place, and the ray is extinguished. 

1267. Jingle of polarization. — If, instead of glass, any other re- 
flecting surface be used, like eflects would be produced ; only that the 
angle at which it would be necessary to present the reflecting surface 
to the ray would be different, each species of reflector having its own 
particular angle. 

This angle is, for reasons which will be hereafter explained, called 
the angle of polarization. 

1268. Polariscopes. — Instruments called Polariscopes adapted 
for the experimental illustration of the phenomena of polarization^ 
have been constructed in various forms. 

One of the most convenient for the purposes of elementary explana^ 
tion consists of several detached pieces, which are represented in fig. 
410. A B is a brass tube like that of a telescope, along the axis of 
which the polarized pencil to be submitted to examination is trans- 
mitted. G is a short tube capable of being inserted, after the manner 
of telescopic tubes^ in the main tube at A. This tube c carries a 
plane reflector D, of the blackened glass already described, which is 
capable of being turned on pivots, and is supplied with a double scale 
and index, by which the angle it makes with the axis of the tube can 
be regulated at pleasure. By turning the tube o round its axis, the 
plane of the reflector d may be presented successively on every side 
of the axis of the main tube. 

A diaphragm is fixed in the tube at d, having a circular hole in 
its centre, to limit the magnitude of the transmitted pencil. The 
pieces E, F, G, and H, are severally capable of being inserted in the 
ends of the tube, and of being turned roand in the same manner as 
already described with relation to the piece inserted at the end A. 
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Fig. 410. 

The short tube E carries a plane reflector r, similar to that already 
described^ which is capable of being adjusted at any desired angle 
with the axis of the tube. The tube f contains a doubly refracting 
prism^ the tube G contains a thin disk of tourmaline with parallel 
faces, so cut that the optic axis is parallel to these faces. In fine, the 
tube H contains ^ bundle of plates of glass, with parallel surfaces 
placed in contact with each other, and inclined obliquely to the axis 
of the tube. 

All these pieces being severally inserted in the tube A B can be 
turned round its axis, so that the reflector R, or the prism, or the 
tourmaline G, or the included plates H, may "be severally presented in 
succession on all sides of the ray transmitted along the axis of the 
tube A B. 

1269. Polarization hy reflection, — Let the tube C, Jig. 410., 
can*ying the reflector B, be inserted in the main tube A, and let a 
plate of blackened glass be inserted in the frame D, as already de- 
scribed. Let the s^jpparatus be so adjusted that when a ray of light 
falling upon the plate D at an angle of incidence equal to 54^ 35' is 
reflected, the reflected ray will pass along the axis of the tube A B. 
Such a ray will be polarized, and the plane of its polarization will 
coincide with the plane of the angle of incidence upon the plate D. 

To prove this, let the tube E carrying the reflector R be inserted 
in the end B of the main tube, and let the reflector R be adjusted so 
that the ray which passes along the axis of the tube shall fall upon it 
at the same angle of incidence; 54^ 35'^ as represented in^. 411. 
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If the tube e be so placed that the plane of the angle of inddenoe 
opon the reflector a shall coincide with the plane of the angle of in- 
cidence on the reflector D, then the raj coming along the axis of the 
tube will be reflected from b with the greatest possible intensity. K 
the tube E be then turned round within the tube b^ so as to present 
the reflector B successively on difierent sides of the ray which passes 
along the axis of the tube, it will be found that when the reflector R 
assumes such a position that the plane of t):e angle of incidence upon 
it is at right angles to the plane of the angle of incidence upon the 
reflector D^ no reflection will take place, and the ray will be extin- 
guished. 

It follows, therefore, from this, first, that the ray passing along the 
axis of the tube is polarized ; and, secondly, that its plane of polariia- 
tion coincides with the plane of the angle of incidence of the original 
ray upon the reflector d. 

If, instead of a blackened glass, any other reflecting surface were 
placed in the frame D, the same effects would ensue ; but the angle 
of incidence upon such surface which would produce polarization, 
would be different for different surfaces. 
>/ 1270. Method of determining the polarizing angle for different 
reflecting surfaces. — It. was discovered by Sir David Brewster by 
observation, and afterwards confirmed by theory, that the polarizing 

angle for any reflecting surface is 
that angle of incidence which, 
being added to the corresponding 
angle of refraction, supposing the 
ray to enter the medium, would 
make up the sum of 90**. Thus, 
if A B G ly^flg. 412., be a transpa- 
rent medium bounded by parallel 
surfaces A B and c B, and if p i be 
a ray of light incident upon it at 
such an angle of incidence P i F 
that the angle of refraction B i f' 
corresponding to it shall, when 
added to Fip, make 90^, then 
the angle p i F will be the polar- 
izing angle, and a ray incident at 
such angle and reflected from i in the direction i p' will be polarized. 
It is easy to show that in this case the directions of the reflected 
ray I p' and the refracted ray i B are at right angles; for we have 

FIP + PIB = 90^ 

And since PIB is equal to p'l A, we shall have 

FIP + P'IA = 90^ 
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Bat since i<iP + ai]/ = 90°^ it follows that 
p'iA = Ri]r'. 

If to both of these we add the angle air, we shall have the angle 
I^IR equal to the angle A if'; but since A if' is 90^, the angle 
p' I E will be also 90°. 

The angle of polarization is therefore determined by the condition 
that the reflected ray i p' shall be at right angles to the direction it 
would have pursued, had it been reflected instead of refracted at i. 

It is easy to show that when^ the ray i a emerges from the lower 
surface in the direction rq', parallel to P i, it will be at right angles 
to the direction it would have taken, if, instead of passing through 
the surface at R, it were reflected from it in the direction rq; for 
since R q' and R D are respectively parallel to p i and B i, the angle 
D R Q' is equal to the angle p i B^ or, what is the same, the angle 
p^ I A, or, in fine, to the angle R i f'. 

But the angle i R f' is equal to the angle Q R i>, therefore the angles 
R I f' and I R f' taken together, are equal to the angle Q R q' ; and 
since the former are equal to 90°, Q R q' is a right angle. Hence it 
follows that the ray i*!r also falls upon the surface B o at R at the 
angle of polarization, since its directions reflected and refracted are at 
right angles. 

It foUows from what precedes, that the polarizing angle correspond- 
ing to any surface separating two media is that angle whose trigono- 
metrical tangent is equal to the index of refraction; for since the 
angle R I f' is the complement of the angle F i p, the sine of F i p 
divided by the sine of r i f' will be equal to the tangent of the angle 
PIP. 

Thus, whenever the index of refraction for any medium is known, 
the polarizing angle for the surface of such medium can be deter* 
mined ; and whenever the polarizing angle can be' found by observa* 
tion, the index of refraction may be inferred. 

Since the indices of refraction for the different component parts of 
solar light are diflerent, it follows that the polarizing angle for each 
species of homogeneous light will also be different. 

1271. Table showing the polarizing angle of certain media. — Sir 
David Brewster gives the following table, showing the polarizing angles 
corresponding to the mean and extreme rays for the undermentioned 
transparent media : — 
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Water | 

Plate glass J 

Oil of cassia •! 





Index of 




Befraicyoii. 


Red rays 


1-830 


Mean rajs.... 


1-336 


Violet rays... 


1-842 


Red rays 


1-615 


Mean rays.... 


1-626 


Violet rays... 


1-535 


Red rays 


1-697 


Mean rays.... 


1-642 


Violet rays... 


1-687 



MuJmnm 

poUrisiiig 

Angle. 



tween the great- 
est and leut po- 
larising AngUwi- 



58 4 

53 11 

53 19 

56 34 

66 45 
56 56 

67 67 
58 40 
69 21 



O f 

15 

21 

I 1 24 



1272. Ejects of reflection on polarized light, — ^If a ray of polar- 
ized light be incident upon any plane reflecting snr&ce, the position 
of the plane of its polarization will in general be changed after re- 
flection, and will be turned more or less towards the plane of the 
angle of incidence. If the angle at which the raj is incident be equal 
to the polarizing angle, then the plane of polarization, whatever may 
be its position in the incident raj, will coincide with the common 
plane of incidence and reflection in the reflected raj, so that the efiect 
of reflection will be to turn this plane round the axis of the ray through 
the angle formed bj it with the plane of incidence. 

If, however, the angle at which the raj is incident be not equal to 
the polarizing angle, then the plane of polarization will not be turned 
entirelj round to coincide with the plane of the angle of incidence, 
but will be turned towards that plane, so that the angle formed by 
the plane of polarization of the reflected ray with the plane of in- 
cidence will be less than the angle formed by the plane of the angle 
of polarization of the incident ray with the same plane. 

The angle through which the plane of polarization is thus turned 
will depend upon the relation which the angle of incidence bears to 
the polarizing angle. 

If the ray be incident perpendicularly upon the surface, no change 
will take place in the position of the plane of polarization, that of the 
reflected ray coinciding with that of the incident ray. If the angle of 
incidence be very small, then the plane of polarization of the reflected 
ray will be slightly turned towards the plane of incidence, and it will 
be more and more turned towards it as the angle of incidence ap- 
proaches to equality with the polarizing angle. When they are equal, 
the plane of polarization will coincide with the plane of the angle of 
incidence. When the angle of incidence exceeds the angle of polar- 
ixation, the plane of polarization of the reflected ray will be turned 
from the plane of the angle of incidence, and on the other side of it; 
and it will continue to be turned from it more and more as the angle 
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of incidence is increased, until it becomes a right angle. All these 
phenomena can be illustrated experimentally by means of the polar- 
iscopic apparatus already described, the plime of polarization being 
always capable of being determined by the means already explained. 

1273. Effects of ordinary refraction on polarized light, — When 
a ray of polarized light enters any transparent medium, the plane of 
its polarization is changed after refitiction, and is turned from th 
plane of the angle of incidence more or less, according as the angle o 
incidence differs more or less from the polarizing angle. The effect, 
therefore, of refraction on the plane of polarization is contrary to that 
produced by reflection. The more nearly the angle of incidence ap- 
proaches to equality with the polarizing angle, the more nearly wUl 
the plane of polarization in the refracted ray be turned to a direction 
at right angles to the plane of incidence ; and if the angle of incidence 
be absolutely equal to the polarizing angle, then the plane of polar- 
ization of the refracted ray will be at right angles to the plane of in- 
cidence, whatever may have been its position in the incident ray. 

It follows, therefore, that if the plane of polarization of the inci- 
dent ray be at right angles to the plane of incidence, it will suffer no 
change by refraction ; but the further it departs from this direction 
the greater will be the change produced upon it by refraction. 

1274. Composition of unpolarized light. — It was first suggested 
by Sir D. Brewster, and since confirmed by theory, that a ray of or- 
dinary or unpolarized light consists of two rays polarized in planes at 
right angles to each other, the absolute direction of these planes being 
arbitrary. When such a ray is perfectly polarized, these planes of 
polarization are made to coincide, either or both being turned round 
the axis of the ray. 

Polarized rays, may, however, also be obtained from a ray of natu- 
lal light, either by resolving the ray 'into the two pencils of which it 
consists, and exhibiting them separately polarized in planes at right 
angles to each other, or by extinguishing one of the two rays, and not 
the other. 

1276. Polarization by double refraction. — A doubly refracting 
crystal supplies the means of obtaining polarized rays by the first 
method. 

When a ray of common light is incident upon such a crystal in a 
plane passing through its axis, it will be divided, as has been already 
explained, into two rays, the ordinary and extraordinary, both of 
which will be found to be polarized if examined by the test already 
explained. The plane of polarization of the ordinary ray will coin- 
cide with the plane of the angle of incidence, and the plane of polar- 
ization of the extraordinary ray will be at right angles to it. Thus 
the doubly refracting crystal resolves the ray of common light into 
its two component polarized rays, exactly as a common prism resolves 
a ray^f solar light into its component rays of different refrangibility. 
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1276. Partial polarization. — As a ray of ligbt is eompletely 
polarized vhen the two planes of polarization naturally at right angles 
are brought to absolute coincidence, and as it is completely unpolar- 
izcd when these planes are at right angles, it is partially polarized 
when they are in any intermediate position ; and it approaches more 
and more to the state of complete polarization as the obliquity of the 
two planes of polarization incre'ases. Thus when they form an angle 
of 45^ the ray may be considered as half polarized. 

It was long contended that a pencil partially polarized consisted of 
rays completely polarized mixed with rays 'completely unpolarized in 
various proportions, according to the degree of partial polarization of 
the pencil ; but Sir David Brewster suggested, what has been since 
confirmed by theory, that partial polarization must be otherwise un<* 
derstood, and that a pencil partially polarized contains in it no ray, 
either perfectly polarized or perfectly unpolarized, but consists of rays, 
each of which is imperfectly polarized, as just explained. 

1277. Polarization by successive refractions. — It has been al- 
ready shown that a ray of polarized light when it enters a transparent 
medium, and is refracted by it, has its plane of polarization turned 
from the plane of the angle of incidence through an angle greater or 
less in magnitude according to the relation which the angle of inci- 
dence bears to the polarizing angle. Now, since a ray of natural light 
consists of two rays of light polarized in planes at right angles to each 
other, such a ray when it enters a refracting medium will have both 
planes of polarization of its component rays turned towards a right 
angle with the plane of the angle of incidence. 

If such a ray then be successively refracted by a series of media 
bounded by parallel planes, the planes of polarization of its component 
rays will undergo a series of changes of direction, each having a ten* 
dency to turn them into a direction at right angles to the common 
plane of incidence and emergence. 

Sir David Brewster found that the light of a wax candle placed at 
the distance of ten or twelve feet from a scries of parallel plates of 
ground glass was polarized at angles of incidence which depended on 
Uie number of plates as exhibited in the following table : — 



No. of Plates of 


Obflerred Angle at which 


Grown GlaM. 


the Pendl is polarised. 


8 


79 


11 


12 


74 





16 


69 


4 


21 


68 


21 


24 


60 


8 


27 


67 


10 


81 


68 


28 


85 


60 


5 


41 


45 


85 


47 


41 


41 
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He inferred from these experiments that if we divide the number 
41*84 by any number of crown glass plates, we shall obtain the tan- 
gent of the angle at which a pencil of light may be polarized by this 
number. He also inferred that the power of polarizing the refracted 
light increased with the angle of incidence between 0, or a minimum, 
at a perpendicular incidence, and the greatest possible, or a maximum, 
as the incidence approached 90^. 

The apparatus represented at H, jig, 410., is adapted for the expe 
rimental demonstration of this. In the tube H is placed a series o& 
five or more plates of glass, resting with their surfaces one upon the 
other, and capable of ^ing adjusted in the tube, so as to form any 
desired angle with its axis. 

If this piece h be inserted in the end A of the tube, and if the 
plates of glass be applied at the proper angle, it will be found that 
the Hght, after passing through them, is nearly polarized, and that its 
plane of polarization is perpendicular to the common plane of the 
angles of incidence and refraction. In this case, the more brilliant 
the pencil of light transmitted through the plates, the more numerous 
the plates must be in order to effect complete polarization. 

Strictly speaking, no number of plates can bring the planes of po- 
larization to absolute coincidence ; but they may be said to approach 
so near to it, that the pencil will be to all appearance completely po- 
larized with lights of ordinary intensity 

A pencil thus polarized by refraction will exhibit the same pro- 
perties when submitted to reflection, or when incident upon a plate 
of tourmaline, as have been already described with respect to light 
polarized by reflection. 

1278. EJfect of tourmaline on polarized light. — Let a plate of 
tourmaline be cut with surfaces parallel to each other and to its optic 
axis. Such a plate being fixed in the piece Oyfg. 410., may be in- 
serted in the end of the tube B, so as to receive the polarized ray 
transmitted along the axis of the tube perpendicular to its surface. 
When thus arranged, the tube a being turned within the tube B, so 
as to bring the optic axis of the tourmaline to coincide with the 
plane of polarization of the ray, the ray will be totally intercepted. 
If the tube be then turned, so that the axis of the tourmaline shall 
form an increasing angle with the plane of polarization, light will 
begin to be transmitted, and the intensity of the light so transmitted 
will gradually increase, until the axis of the tourmaline is at right 
angles to the plane of polarization, when its intensity will be a maxi- 
mum. After it passes that, the tube G being slowly turned, the in- 
tensity will again diminish until the axis of the tourmaline again 
coincides with the plane of polarization, when the light will be com* 
pletely intercepted. The tourmaline supplies, therefore, a test of 
polarization, and a means of ascertaining the position of the plane of 
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polarization more convenient still than that which has been already 
explained by means of the reflectiDg surface a. 

1279. Polarization by absorption. — Sir David Brewster showed 
that agate and some other crystals had the effect of intercepting one 
of the two polarized rays which constitute common light and trans- 
mitting the other, and suggested this as a means of obtaining polarized 
light. Thus, if a ray of common light be transmitted through a plate 
of agate, one of the oppositely polarized beams will be converted into 
nebulous light in one position of the crystal, and the other in another 
position, so that one of the polarized beams will in each case be trans- 
mitted. The same effect may be produced hf Iceland spar, Arago- 
nite, or artificial salts, prepared in a peculiar manner, so as to produce 
a dispersion of one of the two polarized rays forming common light. 

If common light be transmitted through a thin plate of tourmaline^ 
one of the polarized rays which constitute it will in like mauner be 
absorbed by the tourmaline, and the other transmitted; and when 



y lue u)urmaime is appiiea m a posiuou b,i rignc angles w mis^ me ray 
^ which was before transmitted is absorbed, and vice versd, 
\ J 1280. Polarization by irregular reflection, — When a pencil of 
/light is directed obliquely on any imperfectly polished surface so as 
to be irregularly reflected from it, the rays thus reflected will be par- 
tially polarized, as may be ascertained by looking at the reflecting 
surface through the plate of tourmaline G, flg. 410. On turning 
round the plate of tourmaline, it will be found that the brightness 
of the surface will vary according to the direction of the axis of the 
tourmaline, the positions of the axis which render its brilliancy great- 
est and least being at right angles to each other. That the polar- 
ization in this case is imperfect is demonstrated by the fact that the 
tourmaline in no position produces a complete extinction of the light. 

Since light is more or less polarized by successive refractions and by 
successive reflections, whether regular or irregular, it follows that light 
is almost never found without being more or less polarized. Thus the 
light of day proceeding firom the solar rays reflected and refracted by 
the atmosphere and the clouds must always be more or less polarized, 
— an effect of which may be verified by examining this light by one 
or other of the tests of polarization, but more especially by the tour- 
maline already described. 

1281. The interference of polaruced pencils. — If two pencils of 
^ light have their planes of polarization parallel, they will exhibit the 
same phenomena of interference as have been already described for 
ordinary light.- The production of bright and dark fringes, when the 
pencils are homogeneous, and the production of coloured fringes, when 
the pencils consist of compound light, will occur as in the case of un- 
polarized light 

But if the two pencils be polarized in planes at right angles to each 
other, none of the phenomena of interference will be exhibited. No 
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matter under what circumstances the rays shall intersect, it can never 
happen that either ray will extinguish the other, or that the phe- 
nomena of dark and light or coloured fringes are produced. 

When two pencils are polarized in planes forming with each other 
an oblique angle, they will produce fringes, but of inferior brilliancy 
to those exhibited when their planes of polarization are parallel. 

If two pencils are first polarized in planes at right angles to each 
other, and afterwards have their planes of polarization rendered 
parallel, which may always be accomplished either by refraction or re- 
flection, they will not recover the property of forming fringes of in- 
terference, of which they were deprived by rectangular polarization. 

But if a pencil of common light be first completely polarized, and 
then be divided into two pencils polarized in rectangular planes, these 
two pencils, if their planes of polarization be again rendered parallel| 
will acquire the property of interference, and will exhibit fringes. 

All these phenomena admit of verification by the polariscopic appa- 
ratus already described. 

1282. Compound solar light cannot be completely polarized by re-- 
flection, but may be nearly so. — Since the polarizing angle varies 
with the index of refraction, and since white solar light is a com- 
pound of rays having difierent indices of refraction, it follows that a 
pencil of solar light can never be completely polarized by a reflecting 
surface, for the angle which would polarize completely one of its 
constituents would be different from the angle which would polarize 
completely another. But since the difference between the polarizing 
angles for the extreme rays in the case of glass is only 21', and in 
the case of water still less, it follows that if the polarizing reflector 
be adjusted at the polarizing angle of the rays of mean refrangibility, 
the rays of extreme refranffibiUty will fall upon it at an angle differ- 
ing very little from their polarizing angle, and, consequently, although 
they will not be completely, they will still be very nearly polarized. 

1283. Absence of complete polarization rendered evident by tour- 
maline, — Nevertheless, the absence of complete polarization in this 
case is rendered extremely evident by the the test of the plate of 
tourmaline already described. 

If the reflector T>yfig. 410., be adjusted to the polarizing angle of 
the rays of mean refrangibility, and the plate of tourmaline a be 
applied to the end B of the tube, the rays corresponding to the middle 
*of the spectrum only will be completely intercepted when the axis of 
the tourmaline is brought into the plane of polarization. A portion 
of the extreme rays at both ends of the spectrum will be transmitted 
through the tourmaline, and will be perceivable as bright purple light 
proceeding from the mixture of the red and violet rays which are 
transmitted. If the plate D be then adjusted to the polarizing angle 
of the violet rays, the red rays will be transmitted in considerable 
quantity, and the yellow less, so that the light transmitted will be a 
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reddish-orange ; and if, on the other hand, the polarizing pbite d be 
adapted to the polarising angle of the red rays, the light transmitted 
will be a bhiish-green. If the polarizing plate d be composed of any 
highly dispersive substance, snch as cassia, diamond, chromate of lead, 
realgar, or specular iron, the colour of the unpokrized light trans- 
mitted from the tourmaline will be found to be extremely bright and 
beautiful. 

1284. Effect of a doubly refracUng crystal on polarized light. — 
Let us suppose a pencil of polarized light a V^Jig^ 413., to be incident 



> ^:>^^v 



K 



Fig. 413. 

perpendicularly upon a plate A B, cut from a doubly refracting crystal, 
in such a manner that its surfaces are parallel to each other and to 
the optic axis of the crystal. The pencil R P, in passing through this 
plate, will be doubly refracted, the ordinary pencil proceeding in the 
direction p o O of the original pencil R p, and the extraordinary pencil 
taking another direction p e through the crystal, and emerging in the 
direction s E, parallel to that of the incident ray r p. These two 

pencils will be polarized in 
rectangular planes, the plane 
of polarization of the ordi- 
nary pencil coinciding 
with the optical axis of the 
crystal, and the plane of 
polarization of the extraor- 
dinary pencil E E being per* 
pendicular to it 

To render this more clear, 
let the circle, ^^. 414., re- 
present a section of the inci- 
dent ray R p, and let c P be 
the direction of the plane 
of primitive polarization of 
the ray R p. Let c o be 
parallel to the optic axis of 
*^'*' *^*' the crystal A B, and c E be 

perpendicular to it It follows, therefore, that c o^fig, 414., will be 
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Ae direction of the plane of polarization of the ordinary pencil o 0, 
fig, 413., and o e will be the direction of the plane of polarization 
of the extraordinary pencil e e, J^g. 413. 

It follows from the principles of the undulatory theory (and this 
consequence is confirmed by observation) that the proportion in which 
the light of the original pencil R P is shared by the ordinary and 
extraordinary pencils o o and e e will be expressed by the squares of 
the cosines of the angles which the plane of primitive polarization 

P, fig, 414., makes with 
the planes of polarization of 
the two pencils o o and E e, 
fig, 413., respectively. 

If, therefore, the number 
of rays in the original pen- 
cil a P be expressed by the 
square of the radius, fig. 
415., the number of rays 
in the ordinary pencil 
will be expressed by the 
square of o m, and the num- 
ber of rays in the extraor- 
dinary pencil E E will be 
expressed by the square of 
n. The changes incident 
to the relative intensities of 
Fig. 415. ^|jg ordinary and extraordi- 

nary pencils produced by the plate A B, may then be easily inferred 
from the diagram,^. 414. 

If the plane of polarization of the original ray R p coincide with 
the axis of the crystal A B, then o p, fig. 414., will coincide with o o, 
and the number of rays in the pencil o o,fig. 413., will be expressed 
by the square of the radius o o, while the pencil e e will vanish ) for, 
in this case, m will become equal to O o, and c n will vanish. 

As the plane of primitive polarization o P makes an increasing 
angle with o o, m, whose square represents the number of rays in 
the pencil o o, will decrease, and o n, whose square represents the 
number of rays in the pencU E E, will increase. The one pencil, 
therefore, will diminish, and the other increase in intensity. When 
the plane of primitive polarization o P makes an angle of 45^ with 
the axis o o of the crystal, the line o p will bisect the angle o E, and 
and C m will become equal to o n. In this position, therefore, the 
ordinary and extraordinary pencils o and £ 'R^fig, 413., will become 
equally intense, or contain the same number of rays. 

When the plane of primitive polarization o p makes with the axib 
c o of the crystal A B a greater angle than 45% o m becomes less than 
C n, and consequently the ordinary pencil o o,fig. 413., contains lesif 
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rays than the extraordinary pencil e e ; and as the angle included be- 
tween c P and o increases, the extraordinary pencil will become rela- 
tively more intense, and the ordinary pencil less so, until the plane 
of primitive polarization o P makes a right angle with the axis o of 
the crystal ; in which case c P will coincide with o £, c n will become 
equal to C E, and o m will vanish. 

Thus the ordinary pencil 0,^^. 413., will disappear, and all the 
rays of the incident pencil a P will pass into the emergent extraordi* 
nary pencil E e. A like succession of changes of intensity will take 
place if we suppose the axis of primitive polarization c P to revolve 
through another quadrant; the rays of the extraordinary pencil grar 
dually passing into the ordinary one, and the extraordinary one van- 
ishing, and the ordinary pencil acquiring the same intensity as the 
incident pencil, when the plane of polarization again coincides with 
the direction of the axis of the crystal. 

It thus appears, that in a complete revolution of the plane of primi- 
tive polarization, or, what is the same, if that plane be fixed, in a com- 
plete revolution of the plate a b in its own plane, there will be two 
positions, 180^ asunder, in which all the rays of the primitive pencil 
will pass into the ordinary pencil, and consequently, in which the 
primitive pencil will undergo no change either in its intensity or its 
polarization. Therefore, there will be two positions at right angles 
to these in which the primitive pencil again undergoes no change in 
intensity, but in which it is converted into the extraordinary pencil 
£ E, its plane of polarization being turned through 90°, and receiving 
a direction at right angles to that of the plane of primitive polariza- 
tion. In the intermediate positions between these four directions, the 
relative intensities of the ordinary and extraordinary pencils undergo 
constant change; that of the ordinary pencil being greater or less 
than that of the extraordinary pencil, according as the plane of primi- 
tive polarization makes a less or greater angle than 45° with the axis 
of the crystal A B, and the intensities of the two pencils are equal in 
the four positions in which the axis of primitive polarization is in- 
clined at 45° to the axis of the crystal. 

1285. Effects produced by a second doubly refracting crystal, — 
If we now suppose the ordinary and extraordinary pencils o o and 
e E,^^. 413., to be incident perpendicularly upon another doubly re- 
fracting plate a' b', cut with surfaces parallel to each other and 
to its optic axis, as before, they will each be again doubly refracted. 
The ordinary pencil will be divided into another ordinary pencil 
o and an extraordinary pencil e e, while the extraordinary pencil E E 
will also be doubly refracted and resolved into two, an ordinary pencil 
o' o'y and an extraordinary pencil e' e'y all these four pencils emerging 
parallel to the primitive pencil R p. 

To determine the proportion in which the rays of the original pen- 
cil ap are distributed among these four pencils, let 0, Jig. 415.| 
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represent, as before, the direction of the optical axis of the plate A b 
and therefore the plane of polarization of the ordinary pencil o o; 
and consequently c e, perpendicular to c o, will represent the plane 
of polarization of the extraordinary pencil £ E. Let c o represent the 
direction of the optical axis of the pkte a' b', and let e be a line 
perpendicular to it. 

According to what has been already explained, the planes of polar- 
ization of the ordinary pencils o o and o' </ will coincide with c o, the 
optical axis of the plate a' b', while the planes of polarization of the 
extraordinary pencils e e and e' ef will coincide with the line c e per- 
pendicularly to c 0. 

If the square of the radius OP,Jf^. 415., express the number of 
rays in the original pencil R P, the square of o m, as already explained, 
will express the number of rays in the pencil o o, and the square of 
c ft the number of rays in the pencil be 

To obtain expressions for the intensities of the pencils into which 
these latter are resolved by the second crystal a' b', let circles be 
described with as a centre, and o m and c n respectively as radii. 
From m draw m v! perpendicular to o e, and m m' perpendicular to c d. 
Since, then, the square of o m expresses the number of rays in the 
pencil o o, the square of omf will express the number of rays in the 
pencil o, and the square of c »' will express the number of rays in 
the pencil e e. 

In like manner, if from n we draw n to" and n n" at right angles 
respectively to c o and o c, the number of rays in the pencil (/ o' will 
be expressed by the square of o to", and the number of rays in the 
pencil c' e' will be expressed by the square of o n". We shall there- 
fore have the following analysis of the intensities of the emergent 
pencils of the ordinary and extraordinary rays produced by the first 
plate A B, and of the four pencils, ordinary and extraordinary, pro- 
duced by the second plate a' b'. 

Intensity of original pencil B P is expressed by o p'. 





..„ c »»'. 


extraordinary pencil b B ** 


en*. 


ordinary pencil oo " 
extraordinary pencil c e ** .,, 


om>'». 

fl/». 


ordinary pencil o^ o^ " 


m^^. 


extraordinary pencil e' e' «< 


o»^^. 



If we suppose the plate a' b' to be turned round its centre, so as 
make its optical axis c o^Jig, 415., revolve, making varying angles 
with the planes of polarization of the rays o o and £ £, a succession 
of changes will take place in the two pairs of ordinary and extraordi- 
nary pencils emerging from the plate a' b', in all respects analogous 
to those which have been already described as having taken place iu 
the pencils o o and £ £ emerging from the first plat« A B. 
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This change can be eaeily inferred from Jig, 415., where o repre- 
sents the direction of the optical axis of the crystal a' b', and o o 
and c E the planes of polarization of the pencils o o and e e. 

Thus, if we suppose the crystal A b turned into such a position that *- 
its optical axis o o shall coincide with c o^ then c m' will become equal 
to C m, and c n' will vanish ; therefore the pencil o o will contain all 
the rays of the incident pencil O O, and will have the same plane of 
polarization, while the pencil e e will vanish. At the same time that 
this takes place, c e wiU coincide with o £, and consequently c n" will 
become equal to o n, and O mf' will vanish. Therefore the pencil e' e' 
will contain all the rays of the incident pencil e e. Thus it appears 
that in this case the second plate A' b' will make no change whatever, 
either on the intensities or the planes of polarization of the two rays 
o o and £ e that emerge from the first crystal A b. If the axis of the 
second crystal c o be turned round so as to make a gradually increas- 
ing angle with the axis o o of A B, then the lines c n' and c m" will 
gradually increase, and the lines o m' and c n" will gradually diminish. 
Therefore the intensities of the ordinary pencil o o will gradually 
diminish, and that of the extraordinary pencil e e will gradually 
increase ; and, at the same time, the intensity of the extraordinary, 
pencil e' e' will gradually diminish, and that of the ordinary pencils ^ ^ 
of o' will gradually increase. j I? ^. 

When the axis o of the crystal a' b' makes an angle of 45® with *^ « 
the axis o of the crystal A B, then the four pencils will have equal 
intensities, for in such case c o will bisect the angle o E, and the 
line e will bisect the angle o' c e; and in this case it is evident that 
all the four lines G m', c n', o m", and c n" will be equal; and since 
their squares express the intensities of the four pencils, these intensi- 
ties will be equal. When the" angle formed by the axis c o of the 
plate a' b', still increasing, forms an angle greater than 45^ with the 
axis c of the plate A B, then the line c nf becomes greater than c m', 
and consequently the pencil e e becomes more intense than the pencil 
o 0. At the same time, the line o n'' will become less than c m"^ and 
consequently the pencil ef e' will become less intense than the pencil 
o' o\ These inequalities between the respective pencils will gradually 
increase with the graduaUy increasiug angle formed by the axis of the 
plate a' b' with the axis of the plate A b, until these axes form a 
right angle with each other, in which case the pencils o o and e' ef wil 
vanish, and the pencil e e will contain all the rays of the pencil o o 
and the pencil o d will contain all the rays of the pencil £ £. Thus 
when the axis of the crystal a' b' is applied at right angles to the 
axis of the crystal A b, no change is made in the intensities of the 
two pencils incident upon this second crystal ; but the planes of polari- 
zation are respectively moved through a right angle, the ordinary 
pencil being converted into an extraordinary one, and the extraordi- 
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nary pencil being converted into an ordinary pencil. It is clear that 
the same succession of changes will take place throughout each suo> 
cessive quadrant through which the optical axes of the plates a^ 
turned. 




CHAP. XX. 

OHROMATIG PHENOMENA OP POLARIZED LIGHT. 

1286. Chromatic phenomma explicable hy undulatory hypothesis, 
— The splendid prismatic colours arranged in the form of concentric 
rings, intersected by dark and bright rectangular crosses, and occa- 
sionally by hyperbolic curves, are among the most remarkable and 
beautiful phenomena developed by modem experimental researches in 
optics. No triumph of theory can be more complete than the solu- 
tion of these complicated appearances afforded by the undulatory hypo- 
thesis. 

Any description, however, of these multitudinous and various ap» 
pearances, much more any exposition of the mathematical solution of 
them supplied by the undulatory theory of light, would be incompat- 
ible with the objects and the necessary limits of this volume. While, 
however, we cannot enter into these details, we must not, on the other 
hand, pass over in absolute silence such phenomena. 

1287. Effect produced hy the transmission of polarized light 
through thin doubly refracting plates. — To convey some idea of the 
principles on which these phenomena are based, let us suppose the 
plates A B and a' b' to be so thin that the separation of the pencils 
into which the primitive pencil R P is resolved will be inconsiderable 
In such case, although the changes described in the last chapter will 
still be made in their planes of polarization, the pencils will more or 
less overlay each other, so that the rays composing one will fall within 
the limits of and be mixed with, the rays of the other. 

It might therefore be inferred that the intensity or brilliancy of 
the pencils formed by each combination would be found by adding 
together the measures of their separate intensities. Thus, the two 
pencils o o and (/ (/, whose separate intensities are expressed by o w!% 
and G m''^; would have thire combined intensity expressed by 
m'* + o m"\ 

But it must be considered that polarized light is subject to inter* 
ference when its planes of polarization are parallel, which they are in 
the two cases here supposed, the planes of polarization of the pencilii 
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o o and o' o* being both parallel to the axis of the crystal a' b', and 
the planes of polarization of the pencils e e and e' e' being both per- 
pendicular to it. If, therefore, the other conditions of interference 
be fulfilled, it will follow that the rays of these two pairs of pencils 
would alternately eztinguiph one another, or produce a brilliancy 
equal to the sum of their intensities, according to the phases under 
which the luminous undulations meet. 

But it is easy to show, that, provided one or both of the crystals 
A B and a' b' have a certain degree of thinness, the rays of the two 
pencils would fulfil the conditions which determine interference. 

To prove this, it must be considered that the indices of ordinary 
and extraordinary refraction are different \ therefore the velocities of 
the undulations in passing through the crystals will be different, if 
one be ordinarily and the other extraon^narily refracted ; and if this 
difference be such as to produce by the undulation of the emergent 
pencils that relation which determines interference, that phenomenon 
must ensue. Now, on considering the refraction which the pencils 
o o and o' o' have suffered, it will appear that the former has under- 
gone ordinary refraction by both crystals, while the latter has suffered 
extraordinary refraction, by the crystal A b, and ordinary refraction 
by the crystal A' b'. Their velocities, therefore, through the crystal 
A B will be different ; and •if the thinness of the crystal be such that 
the undulations of the original rays are so related as to fulfil the con- 
ditions of interference, interf^ence will ensue. 

The same observations will be applicable to the pencils e e and e t\ 
the latter of which has suffered extraordinary refraction by both crys- 
tals, and the former ordinary refraction by A B, and extraordinary re- 
fraction by A' b'. 

1288. Coloured rings and crosses explained. — If, therefore, the 
plates be reduced to such a degree of thinness as to produce the phe- 
Domena of interference, a series of bright and dark rings will be pro- 
duced; but as such rings will depend on the indices of refraction, and 
as these indices differ for each species of homogeneous light, it will 
follow that a different system of rings would be produced by each 
species of homogeneous light, of which the primitive pencil R P might 
be composed; and if such pencil be composed of compound solar 
light, then the resulting appearances are those which will be produced 
by the superposition of all the systems of rings which would be sepa- 
rately produced by each species of homogeneous light. The effect 
of the optical axes of the crystals, and of the revolution of either of 
them round its centre in its own plane, will be to produce dark or 
bright rectangular crosses corresponding to the planes of polarization 
of the emergent pencils, these crosses intersecting the systems of 
coloured rings. 

We have here adopted for illustration, for the sake of simplicity, 
the case of crystals having a single axis of double refi-action. The 
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appearances produced by crystals with two axes are analogous to ihesei 
though somewhat more complicated. 

In these, two systems of rings, which sometimes assume the form 
of the curves called lemniscates, which have the form of the figure 
of 8, are produced, and the cross is often converted into hyperbolic 
curves, which in certain positions assume the form of a cross, the 
hyperbola passing into its asymptos. 

To give a complete analysis of these complicated and beautiful 
chromatic phenomena would be impossible within the necessary limits 
of this volume ; enough, however, has been explained of the principles 
of polarization to render their general theory intelligible ; and we shall 
therefore now confine ourselves to a general description of some of the 
most interesting of the phenomena produced by transmitting polarized 
light through doubly refracting media. 

1289. Method of observing and analyzing these phenomena, — 
Jipparatus of JYoremberg. — The polariscopic apparatus of Norem- 
berg, represented iu^g. 416., supplies convenient means of observing 
•ad analyzing the chromatic phenomena of polarised light. 

The polarizing apparatus is 
mounted in the lower part of 
the instrument, and consists of 
the frame g containing the polar- 
izing plate, the horizontal re- 
flector m, and other accessories. 
By means of these a pencil of 
light polarized in any required 
plane can be transmitted ver- 
tically upwards, so as to pass 
through the centre of the rings 
V and s. 

The rings v and s are gra^ 
duated, and a tube is inserted 
in each of them, having an in- 
dex which plays on the divided 
scale as the tube is turned round 
its centre within the ring. Plane 
reflectors inclined at variable 
angles, plates of doubly refract- 
ing crystals, doubly refracting 
prisms, bundles of parallel plates 
of glass and other polariscopic 
tests, are set in short tubes ca- 
pable of being fixed in one or 
other of the rings v and s. So 
the polarized pencU transmitted 
Fig. 416. upwards along the axis of the 
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apparatiM may first be made to pass through the plate inserted in r, 
and may then be examined by an inclined reflector or tourmaline plate, 
a doubly refracting prism, or by any other polariscopic test which may 
be fixed in 8. The position of the indices which move on the divided 
eircles of v and s will indicate the position and changes of position of 
the planes of polarization. 

1290. Effect of rock crystal. — Let a plate of rock crystal, with 
surfaces cut parallel to its optic axis, the thickness of which does not 
exceed the 50th of an inch, be placed on the ring v ; and let a doubly 
refracting prism, with a single axis of double refraction, be placed 
in «. 

Let us first suppose that the axis of this prism coincides with the 
plane of polarization of the pencil incident on the plate o, and let the 
axis of this plate be first placed in the plane of polarization. In that 
case the incident ray will pass through both crystals without change, 
and an eye placed above the prism at 8 will see only the ordinary 
image of the object from which the pencil issues. If the axis of v 
be turned at right angles to the plane of polarization, a single image 
only will be seen ; but in this case it will be the extraordinary image, 
and the plane of its polarization will be perpendicular to the plane of 
primitive polarization. The images will in both cases be white. 

In all intermediate positions of the axis of the plate v, two images 
will be seen, which will partly overlay each other, as represented in 
Jig, 417. Those parts which are not superposed will have colours 
exactly complementary, and the super- 
posed parts on which these colours are 
combined will be white. 

As the plate v is turned round its centre 

through 90*^, from the position in which 

its axis coincides with the plane of primi* 

tive polarization to the position in which 

it is at right angles to that plane, the two 

Fig. 417. images pass through a series of tints of 

colour ^always, however^ complementary), and through various degrees 

of relative brightness, their most vivid colours being exhibited when 

the axis is at 45^ with the plane of primitive polarization. 

The same changes take place in each successive quadrant through 
which the axis of v revolves. 

If the axis of the prism 8 be placed at right angles with the plane 
of primitive polarization, a like succession of appearances will be ex- 
hibited, the ordinary and extraordinary images, however, interchang- 
ing places. 

If the axis of the prism s be placed at any oblique angle with the 
plane of primitive polarization, a like succession of effects will be ob- 
served ; but, in this case, the single images will be exhibited when the 
axis of the prism s coincides with, and is at right angles with that of 
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tlie plate v ; an^^the doable coloured ima^ appear in the interme- 
diate positions, the images having the greatest splendour when the two 
axes intersect at an angle of 45°. 

There is therefore, in all cases, a angle image in four positions in 
each revolution, these four positions being at right angles to each 
9ther; and intermediate between these, there are four other positions, 
tlso at right angles to each other, at which the complementary images 
tttain their greatest brightness. 

Plates of rock crystal more than the 50th of an inch in thicknesb 
produce like effects, but with less brilliant colours. In general, the 
colours vary with the thickness of the plate, the more brilliant tints 
being produced by the thinnest plates. 

Different crystals exhibit striking differences in these chromatic 
phenomena. Thus Biot found that carbonate of lime cut parallel to 
^he axis, required to be eighteen times thinner than rock crystal to 
produce the same tint. This circumstance renders it difficult to ob- 
lerve these phenomena with carbonate of lime. 

1291. Effect of Iceland spar inclosed between two plates of tour- 
maline, — Let a plate of Iceland 
spar less than an inch thick be 
cut with parallel surfaces at right 
angles to its optic axis. If this 
be placed between two plates of 
tourmaline cut parallel to their 
axes, a series of beautiful chro- 
matic phenomena will be ob- 
served by looking through it at 
the clouds. If the axes of the 
tourmalines are placed at right 
angles, the crystal will exhibit 
a system of concentric rings of 
the most vivid colours, inter- 
sected by a dark cross, as repre- 
sented in^. 418. 
If the axis of one of the tourmalines be turned gradually round, 
making a decreasing angle with the axis of the other, the tints of the 
rings will undergo a series of changes, and the dark cross will show 
a space in the midst of each of its arms faintly luminous, as repre- 
sented in^. 419. These changes will proceed until the axis of the 
one tourmaline becomes parallel to the other, when the cross will 
become white, and all the tints of the rings will become complemen- 
tary to those which they had in the first position, as represented in 
M 420. 

If, instead of presenting the crystal to the white light of the 
heavens, a pencil of homogeneous light be transmitted through it, 
the rings, instead of showing various tints will be aUemately dark 
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Fig. 419. 



Fig. 420. 



and of the colour of the homogeneous light; and the cross, in like 
manner, will be either dark or of the colour of the same light. The 
dia!!i^^rt^rs of the successive rings will be different for each coloured 
light, being greater for the more refrangible colours; and the diame- 
ters of rings for the same colour will increase as the thickness of the 
crystal is diminished. 

It is evident that the system of rays produced by white light results 
from the superposition of the several systems produced separately by 
the homogeneous coloured lights. 

The white cross produced by white light, when the axes of the 
tourmalines are parallel, is in like manner produced by the superposi- 
tion of all the coloured crosses produced by the homogeneous lights 
severally. 

1292. Effects produced by other uni-axial crystals. — Phenomena 
analogous to these are produced by all crystals having a single axis of 
double refraction, such as rock crystal, tourmaline, zircon, nitrate of 
soda, mica, hyposulphate of lime, apophyllite, &c. In some cases, 
however, the effects are modified by conditions peculiar to the species 
of crystal under examination. Thus, in the case of rock crystal, the 
cross disappears, in consequence of the effect of circular polarization, 
which we shall presently notice. In other crystals there appear to be 
different optic axes for lights of different refrangibilities, which pro- 
duce modifications in the appearance of the rings and crosses. 

Of all crystals, the most convenient for the exhibition of these 
phenomena is Iceland spar. 

1293. Effect of bi-axial crystals ; nitrate of potassa, — If a plate 
of nitrate of potassa (a crystal having two axes), with parallel sur- 
faces cut at right angles to its optic axis, be placed in like manner 
between two plates of tourmaline cut parallel to their axes, a series 
of chromatic appearances will be observed, which are represented in 

figs, 421., 422., and 423. 
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Fig. 421. 



Fig. 422. 



If the axes of the tourmalines are placed at right angles, the crystal 
it^lf being properly placed between them, a dark tsross, fig, 421.^ 
Will be seen intersecting a double system of coloured rings, the com- 
mon centres of which correspond to the position of the two axes of 
the intermediate crystal. 

If the crystal be turned gradually round its centre between the 
tourmaline plates without deranging the position of the latter, the 
cross will gradually assume the form of two hyperbolic curves, and 
the rings will change their position and tints as represented in^^. 422. 
When the crystal has been turned through half a quadrant, the 
appearance will be that represented in^. 423., and after which it 
will assume a form like that of ^^. 422., but more inclined to the 
horizontal position ; and, in fine, when the crystal has been turned 
through a quadrant, the appearance will be that represented in^. 
421., the vertical arms of the cross, and the line joining the centres 
of the systems of concentric rings, being, however, horizontal. 

1294. Ftffeci of the carbonate of lead. — The carbonate of lead, 
another crystal with two axes, gives appearances analogous to those ^^ 
of nitrate of potassa. These are represented in fig, 424. *" \ 

1295. Coloured bands produced hy an acute prism of rock crystal,-^' 
— If a piece of rock crystal be cut in the form of a prism, with a very 
Acute angle, one surface forming the angle being parallel to the optic 
Axis, and the other therefore slightly inclined to it, a pencil of polar- 
ized light transmitted through it wiU exhibit to the naked eye a series 
of alternated red and green fringes, provided the eye is placed at some 
distance from the crystal, and the thickness through which the light 
passes does not exceed the 50th of an inch. These coloured bands 
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Fig. 423. 



Fig. 424. 



are more yivid when viewed throngh a plate of tourmaline^ and it ( i 
easy to observe that they attain their greatest brightness when tha 
axis of the prism is inclined at 45^ to the plane of primitive polari- 
sation. 

1296. Polarizing structure artificially produced in glass ana 
other media, — A doubly refracting and polarizing structure may be 
produced in glass and other transparent bodies by molecular changes 
in their structure consequent on sudden changes of temperature^ and 
sometimes by mere mechanical pressure. 

If a circular plate of glass, about an inch in diameter and half an 
inch thick, be exposed to a high temperature by contact with a heated 
body which is a good conductor, so that its temperature near the edges 
shaU be higher than at the centre ; or if, on the contrary, it be raised 
to a higher temperature at the centre than near the edges, it will ex- 
hibit the phenomena of rectangular crosses and coloured rings, like 
those produced by doubly refracting crystals. 

K, in this case, the plate be oval; it will exhibit appearances indi- 
cating two axes of double refraction. 

When a plate is reduced to a uniform temperature, these appeai>- 
ances cease. 

These phenomena are susceptible of infinite variation, according to 
the shape of the plate, which may be square, oblong, or of any other 
form. The disposition and form of the fringes and rings will vary 
with the form of the plate. 

A permanent doubly refracting and polarizing structure may be im- 
parted to glass by raising it to a high temperature, and then cooling 
It rapidly, by placing it in contact with tiie cold surfaces of metals. 
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The metallic sidfaces, in this case^ maj be formed into an infinite 
varietj of £uicj patterns, which will have the effect of producing cor- 
responding opticsd effects of great beauty. 



. CHAP. XXL 

OIRCULAB POLARIZATION. 

1297. Cases in which the change of the plane of polarization 
varies with the thickness of the crystal — In all the «ases noticed in 
the preceding chapter in which a ray of polarized light passes through 
a pkte of doubly refracting crystal, the change produced upon its 
plane of polarization is quite independent of the thickness of the 
crystal; this change depending solely upon the relative position of 
the plane of primitive polarization and the axis of the crystal. 

We have now, however, to notice another class of polarizing influ- 
ences, in which the change produced in the plane of polarization of 
the ray transmitted will vary with the thickness of the crystal. 

If a plate of rock crystal be cut with parallel surfaces perpendicular 
to its optical axis, a ray of polarized light transmitted through it will 
have its plane of polarization changed, and turned through a certain 
angle. If the thickness of the plate be doubled or halved, then the 
angle through which the plane of polarization of the ray is turned 
will also be doubled or halved. In a word, the angle through which 
the plane of polarization would revolve when the ray passes through 
the crystal, will, for the same crystal, be proportional to the thickness 
of the plate. 

The direction in which the plane of polarization is thus made to 
turn is different in different specimens. Thus, two different plates of 
rock crystal, having the same thickness, will turn the plane of polar- 
ization, one to the left and the other to the right. 

1298. The angle through which that plane is turned varies with 
the refrangibility of the light. — The angle through which the plane 
of polarization is turned depends also upon the refrangibility of the 
light transmitted through the crystal, the angle increasing with the 
refrangibility. Thus, if a polarized ray of red light be transmitted 
through such a plate, the angle through which its plane of polariza- 
tion will be turned will be less than that through which the plane of 
polarization of an orange ray would be turned, and this latter less 
than that through which the plane of polarization of a yellorr, green 
or any other more refrangible ray would be turned. 

It follows from thiS; that if a polarized pencil of whito lig>it be in- 
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3ident upon such a plate, the emergent pencil will have different 
planes of polarization for light of each degree of refrangibility. 

1299. The plane may make a complete revolution if the thicJcness 
of the crystal be sufficient. — It follows from these phenomena, that in 
its progress through the thickness of such a crystal the plane of polariza- 
tion of a ray of homogeneous light is gradually turned round its centre, 
so that a thickness may be assigned which will cause this plane to make 
a complete revolution, so that the emergent ray will in this case appear 
as if it had suffered no change, although in reality, in «ts progress 
through the crystal, the plane of its polarization had in succession 
formed all angles with its ori^nal direction from 0^ to 860^. 

This effect on the plane of polarization may be illustrated by the 
motion of the thread of a screw in penetrating any substance. 

To understand this distinction, as Sir John Herschel has observed, 
it is only necessary to take a common corkscrew, and holding it with 
the head towards him, let the observer turn it in the usual manner, 
as if to penetrate a cork. The head will then turn the same way as 
the plane of polarization of a ray in its progress from the spectator 
through a right-handed crystal may be conceived to do. If the thread 
of the corkscrew be reversed, as in a left>handed screw, then the mo- 
tion of the head, as the instrument advances, would represent that of 
the plane of polarization in a left-handed crystal. 

1300. Angles through which the plane is turned hy a crystal of 
quartz. — The angles through which the plane of polarization of each 
of the component rays of the spectrum is made to turn by a plate of 
quartz cut perpendicular to the axis of the twenty-fifth of an inch thick 
is given in the following table : — 

Homogeneous Bay. Aros of Botatloii. 

e / 

Extreme red 17 80 

Mean red .* 19 00 

Limit of red and orange 20 29 

Mean orange 21 24 

Limit of orange and yellow 22 19 

Mean yellow 24 00 

Limit of yellow and green 25 40 

Mean green 27 61 

Limit of green and blue 80 03 

Mean blue 82 19 

Limit of blue and indigo 84 84 

Mean indigo 86 07 

Limit of indigo and violet 87 41 

Mean violet 40 58 

Extreme violet. 44 05 

1301. Effect of amethyst. — Sir David Brewster says, that in ex- 
amining the phenomena of circular polarization produced in amethyst, 
he found that iv possessed the same power in the same specimen of 
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tarniDg the plane of polarisation, both finom left to right and finom right 
to left, and that it actually consisted of alternate strata of right and left- 
handed qoarti, whose planes were parallel to the axis of doable refrac- 
tion. These strata are not united together like the parts of certain com- 
posite crystals, whose dissimilar faces are brought into mechanical con- 
tact; for the right and left-handed strata destroy each other at tiio 
middle line between each stratum, and each stratum has its maximum 
polarising force in its middle line, the force diminishing gradually to 
I the line of junction. 

1302. Circular polarization in liqmds and gasea. — Rock crystal 
is the only solid substance in which circular polarization has been 
observed. This phenomenon, however, has been diucovcred in several 
fluids. Thus, right-handed circular polarization exists in turpentine, 
essence of laurel (?), gum arabic and inuline ; and left-handed polar- 
ization is observed in essence of citron (?), syrup of sugar, alcoholic 
solution of camphor, dextrine, and tartaric acid. 

1303. Magnetic circular polarization, — It has lately been shown 
by Dr. Faraday, that several transparent solids and liquids acquire the 
property of circular polarization, when they have been submitted in a 
certain manner to magnetic and electric action. 

These bodies appear to acquire a photogyric virtue, or a property 
by which they are enabled to cause the planes of undulation of the 
liquid which traverse tiiem to revolve. 

Thus, a link of connection is indicated between two physical in- 
fluences which seemed hitherto distinct and independent; the force 
which produces the undulation of the luminous ether, and those of tiie 
electric and magnetic fluids. 

V 
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PBiCTICiL QUESTIONS POB THE STUDENT. 



1. What must be the length of a plane mirror, in order that an observer 
nay see his whole length therein, the mirror being placed parallel to the 
observer f 

2. The radios of a concave reflector is 3 inches, and the distance of the 
focus of incident rafs from the vertex 9 inches : what is the position of the 
locus of reflected rays f (959.) 

Note. — The formula (a), given in 959., may be reduced to a more oon- 
venient form for use. 

Thus, by transposing the term JL, we have 

/ 
/"•• 7~ «•/ 

Hence 

which gives us the following Rale for obtaining the position of the focus of 
reflected rays : — Multiply the ratUut of the mirror by the distance of the foeue 
of incident rays from the vertex^ and divide the product by twice that distanct 
minus the radius. 

By a proper attention to the signs of r and /, the formula and rule may 
be applied to all cases of reflection from spherical mirrors, whether concave 
or convex, and whether the rays be diverging or converging. 

For concave mirrors, r is positive; for convex, negative. For diverging 
rays, /is positive; for converging, negative. 

We will discuss briefly the various cases which may occur. For conea9€ 
mirrors, there are three cases. 

1st. The rays may be diverging and the focus beyond the prineipal focus. In 
tills case 2/ being greater than r, it will be seen from the formula that/* 
will always be positive; that is, the reflected rays will converge to a fiai 
footts in front of the mirror. 
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For the qaettion proposed abore, we have 

r = iil_?.= l4 inche.. 
^ 18 — 3 ^ 

2d. The rayi may be diverging and thefocue behoeen the prindpai jvctu and 
the vertex. In this case 2/ being less than r,f' will be negative, that ia^ 
the reflected rays will diverge from an imaginary focus behind the mirror. 

3d. The raye may be converging. In this case,/ is negative, and the for- 
mula becomes 

f^ ^X— / _ rf . 
-2/-r 2/+r' 
which is always positive. Hence such rays are always brought to a rea*. 
focus. 
For convex mirrors, there are also three cases. 

1st. The raye may be diverging. Here,/ is positive and r negative; and 
the formula becomes 

which makes/' always negative. Hence, in this case, the reflected rayt 
always diverge from an imaginary focus behind the mirror. 

2d. The ray$ may converge^ and their focue be between the principal fbtue and 
the vertex. In this case, r and / are both negative ; 2/ being less than r 
Hence the formula is 

/' = ZL!25-=Z = _LZ_ • 

-2/-hr — 2/-hr' 
which is positive so long as 2/ is less than r. Consequently, in this case, 
the reflected rays converge to a real focus in front of the mirron 

3d. The rayt may converge^ and their focue be beyond the principal focue. lo 
this case, 2/ being greater than r, the value of/', in the preceding formula, 
will be negative. Hence the reflected rays will diverge. 

It will be perceived from this discussion, that rays, incident upon a con 
cave mirror, are always reflected converging, unless their focus be bctweev 
the principal focus and the vertex. 

On the contrary, rays, incident on a convex mirror, are always reflected 
diverging, unless their focus be between the principal focus and the vertex 

3. A candle is placed 16 feet from the vertex of a convex mirror whose 
radius is 2 inches: what is the position of the focus of reflected rays? 

4. The focus of converging rays incident upon a convex mirror is 2 inches 
behind the vertex, the radius of the mirror being 5 inches ; the vertex of a 
concave mirror having the same radius is placed at a distance of 8 feet 
from the vertex of the first mirror : determine the position of the focus of 
the rays reflected from the second mirror. 

5. Show that, in all cases of reflection from spherical surfaces, the con- 
TUgate foci lie on the same side of the principal focus; that they move in 
opposite directions ; and that they meet at the centre of the reflector. 

6. A plane, mirror, moveable about an axis in its own plane parallel to 
the axis of the earth, revolves from east to west with half the sun's appa- 
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rent diurnal motion. Show that the direction of the reflected rays of sun- 
light will not be sensibly altered during the day. 

7. The distance of Venus from the sun is about 69 millions of miles, and 
that of the earth about 95 millions. How does the brightness of the earth, 
as seen from Venus, compare with the brightness of Venus as seen from the 
earth, supposing the sizes and reflecting powers of the two bodies equal ? 
(907.) 

8. What is the focal length of a double-convex lens, the radius of each 
surface being 3 inches? (1038.) 

9. What is the focal length of a plano-concave lens, the radius of the con- 
cave surface being 5 inches 1 

10. Why do objects appear further off* and smaller, when viewed through 
the wrong end of the telescope f 

11. A person can see distinctly at the distance of four inches: what is 
the focal length and nature of a lens which will enable him to see distinctly 
at the distance of sixteen inches? 

12. A person can see distinctly at the distance of 12 feet: what is the 
focal length and nature of a lens which will enable him to see distinctly at 
the distance of 12 inches? 

13. Place an object before a double-convex lens, so that the image may 
be double of the object, and erect. 

14. An object is placed before a double-concave lens of glass, at the dis- 
tance of 5 feet, and has the linear magnitude of its image 7 times less than 
its own: what is the focal length of the lens? 

15. An object placed 4 inches before a doubloK^onvex glass lens, has its 
image formed 9 inches from the lens on the same side : what is the focal 
length of the lens ? 

16. A person, who can see distinctly at the distance of 3 feet, wishes to 
see an object at 12 feet distance; what sort of glass must he use, and what 
must be its focal length ? 

17. An object placed 4 inches before a double-convex lens has its image 
erect with respect to itself, and of tliree times its linear magnitude: what 
is the focal length of the lens ? 

18. Show that if a, plane mirror recede from a fixed object, the image 
will recede twice as fast. 

19. If an object be placed between two plane reflectors inclined to each 
other at any angle, and the eyes of a spectator be in any point between the 
planes, show that the distance of the eye from any of the images seen by 
him, is equal to the length of the path described by the rays which form 
that image. 
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AcHBOMATiSM, 603-h307. See Lighu 

Aberration, spherical, 578.; longitudinal, 
579.; lateral, 579.; chromatic, 603- 
605. See Light, Eye, Lena, 

Action and reaction, 97. 107.; how mo- 
dified by elasticity, 100. 

Adherents, effect of, 168. 

Adhesion, attraction of, 163.; of solids, 
167.; examples of, 167.; of wheels of 
locomotives to rails, 167.; between 
solids and liqnids, 168. 

Affinity, chemical, 164. 

Aggregation, states of, 27. 

Aur, momentam of, 91.; resistance of, af- 
fects projectiles, 126.; resistance of, to 
falling bodies, 249.; mechanical pro- 
perties of, 341.; atmospheric, the type 
of iJl elastic fluids, 341. ; impenetrable, 
342.; has inertia, 342.; compressible, 
343.; elastic, 343.; has weighty 344.; 
compressibility and elasticity of, 344. ; 
diminution of volume of, proportional 
to compressing force, 344.; weight of, 
347.; rarefaction and condensation of, 
361. 

Angle, of incidence and reflection, 182. 
495.; of repose, 254.; of refraction, 
538.; of total reflection, 540. ; refract- 
ing, 546.; visual, 622.; of polarization, 
245. See Sound, Light, 

Animals, motions of governed by centre 
of gravity, 138. 

Animalcules, minuteness, organisation, 
and functions of, 36. 

Annealing, 61. 

Aqueous humour, 611. See Eye, 

Area, visible, 655. 

Archimedes, anecdotes of, 319. 385.; 
screw, 338. 
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Astronomical telescope, 684. 

Attraction, 163.; capUlary, 164.; be- 
tween plane surfaces, 171.; examples 
of, 172. 

Atwood's machine for illustrating falling 
bodies, 114. 

Axis, principal, 161. 508. 563.; second- 
ary, 508. 563. ; of lens, 566.; of double 
refraction, 703. . 

Balance-wheel, 226. 

Balloon ascent of De Luc, Ac, 355.; de- 
scribed, 373. 

Barlow's table of transverse strength of 
wood, 276. 

Barometer, common, 349.; water, 351.; 
diagonal and wheel, 352.; extreme va- 
riations, 356.; rules connected with 
the predicting weather, 357. 

BiUiards, application of composition and 
resolution of motion, 86. 

Bite in metal working, 168. 

Blood, composition of, 35.; magnitude 
of corpuscles of, 35. 

Bologna, leaning tower of, 136. 

Bramah's hydrostatic press, 294. 

Brewster's, Sir David, analysis of spee- 
trum, 596. 

Brittieness, 59. 

Camera lucida, 664.; .obscura, 665. 
Caoutchouc, balls, elasticity of, 50. 
Capstan, 200. 

Cassegrain's reflecting telescope, 682. 
Chevalier's compound universal micro- 
scope, 675. 
Choroid, 611. 642. See Eye, 
Ciliary processes, 611. See Ey€, 
Cleavage, planes of^ 40. 
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Coal-pit, person fklling down^ 121. 

Cohesion, eflfecl of, on gravity of mole- 
onles, 127.; attraetion of, 163.; mani- 
fested in solids and liquids, 164.; ex- 
ample of, 165.; attraction of, between 
atoms of gases inferred, lr66. 

Collision, effects of, 94.; of two bodies 
in same direction, 96. ; in contrary di^ 
rections, 97. f of equal masses with 
eqaal and opposite veloeities, 99. 

CombnstioBy. does not destroy mattery 
41. 

Jomponent and resultant eorrelatlTe, 
65.; and resultant xnierehangeable, 67. 

Composition offerees, 66.; of forces ap- 
plied to different points, 68.; of mo- 
tion, 74.; examples o^ 79» 

Compressibility, 46.; all bodies compres- 
sible, 46. 

Compression, ^minishes bulk, 46^; aug- 
ments density, 46»; of wood, 47.; of 
stone, 47.; of met^, 4Yv; of liquids, 
47.; of water iMroved, 48.; of gases, 
48. 

ContraetibiHty, 46.; of liquids, 48.; use- 
ful application of, 52. 

Contraction, general effects o^ 52. 

Cordage, strength of, 266. 

Cornea^ 611. See Bye, 

Corpuscles of Wood, 35i 

Corpuscular theory of light, 686. 

Couple defined, 70<; mechanical effect 
of, 70.; equilibrium' o^ 7L 

Crank, described, 22^. ; effect of, 229, 

Crystals, uni-axial,. 707.; bi^axial, 799. 

CrystaJUzatien indicates existence of ul- 
timate molecules, 38, 39.; process o^ 
39. 

Crystallized state, some bodies exist na- 
turally in, 40. 

Crystalline humour, 611. See E^4. 

Density, 43.; determined by proportion 
of mass to pores, 43.; and porosity 
correlatiye terms, 43.; examples of, 44. 

Dilatability, 48. 

Dilatation by temperature, 51;; of liquids 
in therm-ometers, 51'. ; useful applica- 
tion of metal, 52. ; general effects of, 
52. 

Direction, of fcMrce-, 64. ; of motion in 
curre, 74. ; resultant of two motions 
in same, 77^; in^ opposite, 78.; in dif- 
ferent, 78^,; vertical, 1T)6» 

DistilUtiony destructivo, 42. 

Diving-bell, 375i. 

Df.risibility, 30.; unlimited, 30. 37.; of 
water, 31. ; of other bodies, 31. ; ex- 
amples of, 31. ; minute, proved by col- 
our, W. ;. of musk,-87. ; shown by taste, 
37. 



Ductility, 61.; differs from malleabililnr, 
61. 

Earth, proof of dismal rotation of, by 
composition and resolution of motion, 
87.; great reservoir of momentum, 
105.; attracts all bodies, 107.; and 
planets once fluid, 165. 

Echoes explained, 455. 

Elasticity, 48. 57. ; of gases, 48. ; of li- 
quids, 49.; of soGds, 4^.; of ivory 
balls, 49. ; caoutchouc balls, 50. ; steol 
springs, 50. ; limits of force, 50. ; of 
torsion, 51. ; effects of, 58. ; not pro- 
portional to hardness, 59.; perfect and 
imperfect, 161. 

Endosnrase, 173. 

Engine, fire-, 370. 

Equilibrium of couples, 71. ; stable, nn« 
stable, and neutral, 142.; examples 
of, 142.; power and weight in, rest 
not necessarily implied, 179. ;^ infers 
either absolute rest or uniform motion, 
180.; stable, of floating body, 325.; 
instable, 326. ; neutral, 326. 

Erard's piano, example ef complex lever<. 
age in, 197. 

Eye, 609. 

Exosmose, 173. 

ExpansitMlity of gases, 4^. 

Falling body, velocity o^ augments with 

time of fall. 111. 
Fata Morgana, 544. 

Filaments, organized, minuteness of, 33h 
Filtra<»>n, 45. 

Fire-escapes, example of pulley, 208. 
Fishes, motion of, in Squids, 82.; irides* 

cence of scales explained, 698. 
Flexibility, 59. 
Florentiae expeiiment, 45» 
Fluids, rcfdstance of, 247. 
Fly-wheel, 231.; regulai»ag effect of, 

231-235. ; position of, 236^ 
Friction, 256. 
Fur, minuteness of filaments of, affords 

example of divisibUity of matter, 33. 
Fusee> 228. 

GaliIeo> anecdote of, 347. 

Galilean telescope, 683. 

Gases, compressiMlity of, 48. ; elasticity 

of, 48.; e:^ansib9ity of, 49.; may be 

reduced to liquid and solid state, 166. 
Glass, mintiteBess of filaments of, 32. ; 

attracts water but rSpe& mercury, 170. 
Glues, effect of, l^S. 
Gold, visible on touehskme, 32.; lea^ 

thinness of, 34. ; porous, 45; 
Governor, 225. 
Gravity,, centre of> 127. 131* ; epedfl^ 
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877.; terreBtrud, 106.; indioated by 

certain facts, 146. 
Gregorian reflecting telescope, 681. 
Guinea anil feather experiment, 108. 

Hardness, 57. 

Harmonics defined, 488. 

Hearing, organs of, explained, 463. 

Hearing-trumpet explained, 459. 

Heights, fallen through, analysis o^ 
112.; &llen from, proportional to 
squares of faU, 117. ; «f fall, formnlsd 
expressing, 117.; from which body 
falls in second, 119.; why fall from 
great, not so destructive, 120. 

Hersohel's telescope, 483. 

Hodgkinson's experiments on stsength 
of timber, 267. 

Hunter's screw, 222. 

Hydrostatic balance, 888. 

Hydrometer, 384. 

Impact of elastic body, 101. 

Impenetrability, 29. 

Inactivity, 52. 

Incidence, angle of, 102. 

Inertia, 52.; defined, 58.; astronomy 
supplies proofSs of law of, 65. ; exam- 
ples 0^ 56. ; supplies means of acou- 
mulatipg force, 233. 

Infiection, 689. 

Insects' wings, thinness o^ 84. 

Intensity of force, 64. 

Interference, 429. 689. 724. 

Iridescence «f fish-scales, 2tc explained, 
698. 

Ivory balls, elasticity ai, 49. ; rebound 
o^ 101. 

Kaleidoscope, 500. 
Kite-flying, 89. 

Knee-joint, use o^ shown byefEBot^f 
wooden legs, 138. 

Lardner's Opthalmometer, 662. 

Laws of motion, Newton's, 103. 

Lens, 563. 

Lever, 190. 

Liquids, mechanical properties of, 291. ; 
compression o^ 47.; contractibility 
of, 48.; elasticity of, 49.; dilatation 
of, in thermometer, 51.; momentum 
of, 91. ; maintain their level, 309. 

Lubricants, 168. 255. 

Machine, simple and complex, 188.; 
classification of simple, 188. ; condi- 
tion of equilibrium of, having fixed 
axis, 189. ; condition of equilibrinm of 
flexible cord, 189. ; of a weight upon 
inclined plane, 189. ; classification of 



mechanic powers, 190. ; power of, how 
expressed, 198. ; -oemplex, may be re- 
presented by equivalent compound 
lever, 199. 

Machinery, theory of, 175. 

Magic-lanterns, 667. 

Magnitude, 26. ; linear, 26. ; superficial, 
26.; solid, 26.; of corpuscles of blood, 35. 

Malleabilii^^ 60. ; varies with temper* 
4aiEe,4M). 

Marble, pulverized, 81. 

Materials, strength of, 268. 

Meniscus, 564. 

Mercury^ methods of purifying, 850. 

Metals, compression o^ 47.; vibratory, 
59.; hardness and elasticity of, by com- 
bination, 59. ; table of tenacity of, 62. 

Metallic bars, useful application of dila- 
tation and ^contraction <^ 52. 

Microsco^pe, simple, 670.; compound^ 
673. ; solar, 679. 

Microscopic phenomena, 86. 

Mill-stones, method of forming, 178. 

Mirage, 544. 

Mirrors^ silvering, l-OS. 

Molecules, ultimate, may be inferred, 
88..; too minute for observation, 41. ; 
indestructible, 41.; component of a 
bod^ not in contact, 43. ; weight of 
aggregate o^ is weight of body, 127. ; 
efieot of cohesion on gravity o^ 127. ; 
resultant of gravitating forces o^ 128. ; 
method of determining resultant^ 129. 

Moment of power defined, 184. 

Moment of weight defined, 184. 

Momentum, of solid masses, 90.; liquids, 
91.; air, 91. ; arithmetical expression 
for, 93. ; conununication o^ 94. 

Moon, appearance of, when rising or set- 
ting, 649. 

Motion, 64. ; why retarded and destroy- 
ed, 55.; how effected by force, 64.; 
resolution o^ 74.; direction o^ in 
curve, 74.; principles of composition 
and resolution of force applicable to, 
76. ; of two in same direction, resul- 
tant of, 77. ; in opposite, 78. ; in dif- 
ferent, 7S.; composition and resolu- 
tion otf examples o^ 79.; of fishes, 
birds, ^c, 82. ; absohite and relative^ 
88. ; laws of, 102.; always same quan- 
tity in world explained, 104. ; of fall- 
ing body accelerated, 109.; of falling 
body^ analjsis o^ 110. ; uniformly ac- 
celerated, IIL; of bodies projected 
upwards, retarded, 12L ; down inclin • 
ed plane, 121. ; on inclined plane imi- 
foimly accelerated, 122.; of projec- 
tiles, 124. ; causes of irregular, 223. ; 
eye has no pergeption of any but an- 
nilar, 651« 
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Hasioal soundB or notes. See iSbun<2. 

Kewtnn's laws of motion, 10,3. 

Newtonian telesoope, 682. 

Kodal lines or points. See Sowid^^ 

dulation. 
Noremberg's polariscopic apparati 

Opera-glass, 683. 
Optical instruments, 658. 
Organization of animalculeS| 36. 

Pascal's ezp.erimentnm crucis as to weight 

of atmosphere, 349. 
Pencils of rays, divergent and conver* 
gent, 482. See Light. 

Pendulum, 134. 226-248< 

Petrifaction, 45. 

Phantascope, 636. 

Photometiy, 488. 

Pile-engine, 232. ^ 

Pisa,' leaning tower Jut, 136. 

Plane, Inclined, 121. 

Plane of reflection, 495. 

Plumb-line, 106. 

Point, working, defined, 175. *^ 

Polariscopes, 716. V. .v 

Pores, defined, 43.; proportion 'of to 
mass determines density, 43.; difi'er 
from cells, 44.; sometimes occupied 
by more subtle matter, 44. ; the den- 
sest substances have, 45.; of bodies 
the region of molecular forces, 163. 

Porosity, 43.; and density correlative 
terms, 43. ; examples of, 44. ; of wood, 
44.; of mineral substances, 45.; of 
mineral strata, 46.' 

Power, moving, defined, 175. ; when it 
more than equilibrates, accelerated 
motion ensues, 180. ; when too small 
to equilibrate, motion retarded, 181. ; 
moment of defined, 184. 

Powers, mechanic, classification of, 190. 

Prism, 547. See LighU 

Prismatic spectrum, 581. See Light, 

Projectile, shot horizontally, 124.; moves 
in parabolic curves, 126. ; conclusions 
as to, modified by resistance of air, 
126. 

Projection, oblique, 125. 

Props or points, eflfects of, in machinery, 
178. 

Pulley, 205. 

Pugilism, collision in, 99. 

Pump, rope, 169.; air, 363.; lifting, 367.; 
suction, 368. ; forcing, 369. 

Pyramid, stability of, 135. 

Questions, practical, on Mechanics, 279.; 
on Hydrostatics, Hydraulics, Pneuma- 
tics, and Sound, 466.; on Optics, 742. 



Railway, carriage, object, let fihll itom, 

85. ; trains, collision of,*99. 
Rays, diverging and converging, 482. 

'flection and incidence, 102. 494. ; laws 
o§, explained, 687. J 

ectors, i92. SeeAight. j . 
^fractio^Sl. y^f^^tmjf^^ o^> 
|g^ALi'A(9^*C54. ; foAis m^rnT!^ laws 
of, Explained, 687. ; double, 700. ; laWs 
M doubly, f 03. 
Eeeulator, 225.; general principle of 
\ lotion of, 225. ; governor, 225. ; pen- 
dulum, balance-wheel, 226.; water, 
/^27. ; fusee, 228. ; fly-wheel, 231. 
B^ulsion, 164.; mutual, of atoms of 
gas, 166.; mutual, ascribed to influ- 
lence of heat, 166. ; between solids and 
4iquids, 168. 
Resolution, of force, 67.; of motion, 74.; 

examples of, 79. 
RWltant, offerees in same direction, 65.; 
of opposite forces, 65. ; and compo- 
nent correlative, 65. ; of forces in dif- 
ferent directions, 66. ; and component 
interchangeable, 67. ; of any number 
of forces in any directions, 67.; of 
parallel forces, 68.; single condition 
under which two forces admit a, 72. ; 
of two motions in same direction, 77. ; 
in opposite, 78. ; in different, 78. ; of 
gravitating forces of molecules, 128. 
Retina, 612. See Eye, 

St. Peter's at Rome, singular optical il- 
lusion produced in, 650. 

Savart's modification of theory of con- 
tracted vein, 333. 

Science, physical, a series of approximi^ 
tions to truth, 177. 

Sclerotica, 611. See Eye, 

Screw, 218. 

Screw-press, 234. 

Shot manufacture, 166. 

Silk, 33. 

Siphon, 371. 

Sirene described, 441. 

Sledge-hammer, 232. 

Smeaton's pulley, 210. 

Soap-bubble, thinness of, 33. 

Solders, effect of, 168. 

Solids, elasticity of, 49.; examples oi 
elasticity of, 49. ; momentum of, 90. 

Sound, 423. 

Speaking-trumpet explained, 459. 

Spectacles, 658. 

Spectra, ocular, 639. 

Spectrum, prismatic, 581. See LigkU 

Spider's web, fineness of, 37. 
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Btability, of body, conditions, 135. ; of 
pyramid, 135.; of a loaded vehicle, 
137.,* of a table, 137.; of. body sup. 
ported on several feet^ 137. 

Steamboats, collision of, 99.; expedi- 
ents adopted in, to counteract eflfeot of 
side wind, 328. 

Steel springs, elasticity of, 50. 

Stone, compression of, 47. 

Bun, appearance of, when rising or set- 
^ ting, 649. 

Swimming, 79. 

Syringe, exhausting, 365. 

Telescope, 680. 

Temperature, dilatation by, 51. ; affects 

malleability, 60. 
Tenacity, 61. ; table of, of metals, 62. ; 

of fibrous textures, 62. 
Terrestrial telescope, 685. 
Thaumatrope, 636. 
Timber, strength of, 266. 
Torricelli, anecdote of, 347.; celebrated 

experiment of, 348. 
Torsion, elasticity o^ 51. 
Tread-mill, 200. 
Tredgold's table of transverse strength 

of metals and woods, 275. 
Tubes, properties of capillary, 170. 

Undulation, theory of, 398. 
TJndulatory theory of light, 687. 

Velocity defined, 74. ; table o^ of cer- 
tain moving bodies, 76. ; uniform, 76.; 
moving force augments with, 91. ; be- 
ing the same, moving force augments 
with mass moved, 92. ; all bo<Ues fall 
with same, 107. ; of falling body aug- 
ments with time of fall. 111. ; of fall, 
formulas expressing, 117. 



Vena eontracta, 332. ; two-thirds of ori- 
fice, 332. 
Vessels, sailing, effect of wind on, 82. 
Vibratory InetaJs, 59. 
Vis inertisB, a term fertile of error, 53. 
Vision, 615. See Eye, 
Vitreous humour, 612. See Eye, 
Voice, organs of, described, 460. 

Water, ultimate atoms of, compouni, 
30. ; divisible, 31.; compressibility of, 

. proved, 47.; machines for raising, 
367. 

Waves. See Undulatwn. See Sound, 

Wedge, 216. ; two inclined planes, 216. ; 
theory of, practically inapplicable, 
216.; power applied to, usually per- 
cussion, 217. ; practical xise of, 217. ; 
practical examples, cutting and pierc- 
ing instruments, 217. ; utUity of fric- 
tion to, 217. 

Weight of bodies proportional to quan- 
tities of matter, 109.; of body aggre- 
gate of its molecules, 127. ; defined, 
127. 176. ; moment of, defined, 184. 

Welding, 61. 

Wheelwork, 199. 

Whirling-table, to illustrate centrifugal 
force, 149. 

Whispering-galleries explained, 458. 

White's pulley, 210. 

Wind, 81. 91. ; effect of, on sailing ves« 
sels, 81. 327. 

Windlass, 200. 

Wire, micrometric, 32. ; used in embroi* 
dery, 34. ; Wollaston's, 32. 

Wollaston's wire, 32. 

Wood, buoyancy of, 44.; porosity of, 44.; 
compression of, 47. 

World, same quantity of motion in, ex- 
plained, 104. 



THE END. 



J. FAUAM, BTKBSOTTPXB. 
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